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The Chemistry of Heterocyclic Compounds 
Introduction to the Series 



The chemistry of heterocyclic compounds is one of the most complex and 
intriguing branches of organic chemistry, of equal interest for its theoretical 
implications, for the diversity of its synthetic procedures, and for the physiological 
and industrial signihcance of heterocycles. 

The Chemistry of Heterocyclic Compounds has been published since 1950 under 
the initial editorship of Arnold Weissberger, and later, until his death in 1984, 
under the joint editorship of Arnold Weissberger and Edward C. Taylor. In 1997, 
Peter Wipf joined Prof. Taylor as editor. This series attempts to make the 
extraordinarily complex and diverse field of heterocyclic chemistry as organized 
and readily accessible as possible. Each volume has traditionally dealt with 
syntheses, reactions, properties, structure, physical chemistry, and utility of com- 
pounds belonging to a specific ring system or class (e.g., pyridines, thiophenes, 
pyrimidines, three-membered ring systems). This series has become the basic 
reference collection for information on heterocyclic compounds. 

Many broader aspects of heterocyclic chemistry are recognized as disciplines of 
general signihcance that impinge on almost all aspects of modern organic 
chemistry, medicinal chemistry, and biochemistry, and for this reason we initiated 
several years ago a parallel series entitled General Heterocyclic Chemistry, which 
treated such topics as nuclear magnetic resonance, mass spectra, and photoche- 
mistry of heterocyclic compounds, the utility of heterocycles in organic synthesis, 
and the synthesis of heterocycles by means of 1,3-dipolar cycloaddition reactions. 
These volumes were intended to be of interest to all organic, medicinal, and 
biochemically oriented chemists, as well as to those whose particular concern is 
heterocyclic chemistry. It has, however, become increasingly clear that the above 
distinction between the two series was unnecessary and somewhat confusing, and 
we have therefore elected to discontinue General Heterocyclic Chemistry and to 
publish all forthcoming volumes in this general area in The Chemistry of Hetero- 
cyclic Compounds series. 

It is a major challenge to keep our coverage of this immense field up to date. One 
strategy is to publish Supplements or new Parts when merited by the amount of new 
material, as has been done, inter alia, with pyridines, purines, pyrimidines, 
quinazolines, isoxazoles, pyridazines and pyrazines. The chemistry and applica- 
tions to synthesis of 1,3-dipolar cycloaddition reactions in the broad context of 
organic chemistry were first covered in a widely cited two-volume treatise edited by 
Prof. Albert Padwa that appeared in 1984. Since so much has been published on this 
fascinating and broadly useful subject in the intervening years, we felt that a 
Supplement would be welcomed by the international chemistry community, and we 
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The Chemistry of Heterocyclic Compounds: Introduction to the Series 



are immensely grateful to Prof. Padwa and Prof. Pearson for tackling this arduous 
task. The result is another outstanding contribution to the organic and heterocyclic 
chemistry literature that we are delighted to publish within The Chemistry of 
Heterocyclic Compounds series. 



Edward C. Taylor 



Department of Chemistry 
Princeton University 
Princeton, New Jersey 

Peter Wipe 



Department of Chemistry 
University of Pittsburgh 
Pittsburgh, Pennsylvania 




Preface 



Cycloaddition reactions figure prominently in both synthetic and mechanistic 
organic chemistry. The current understanding of the underlying principles in this 
area has grown from a fruitful interplay between theory and experiment. The monu- 
mental work of Rolf Huisgen and co-workers in the early 1960s led to the general 
concept of 1,3-dipolar cycloaddition. Few reactions rival this process in the number 
of bonds that undergo transformation during the reaction, producing products 
considerably more complex than the reactants. Over the years, this reaction has 
developed into a generally useful method for five-membered heterocyclic ring 
synthesis, since many 1,3-dipolar species are readily available and react with a wide 
variety of dipolarophiles. 

The last comprehensive survey of this area dates back to 1984, when the two- 
volume set edited by Padwa, “1,3-Dipolar Cycloaddition Chemistry,” appeared. 
Since then, substantial gains in the synthetic aspects of this chemistry have 
dominated the area, including both methodology development and a body of 
creative and conceptually new applications of these [3 -I- 2] -cycloadditions in 
organic synthesis. The focus of this volume centers on the utility of this 
cycloaddition reaction in synthesis, and deals primarily with information that has 
appeared in the literature since 1984. Consequently, only a selected number of 
dipoles are reviewed, with a major emphasis on synthetic applications. Both 
carbonyl ylides and nitronates, important members of the 1,3-dipole family that 
were not reviewed previously, are now included. Discussion of the theoretical, 
mechanistic, and kinetic aspects of the dipolar-cycloaddition reaction have been 
kept to a minimum, but references to important new work in these areas are given 
throughout the 12 chapters. 

Beyond the ability of the 1,3-dipolar cycloaddition reaction to produce hetero- 
cycles, its importance extends to two other areas of organic synthesis, both of which 
are included in the current volume. First, the heteroatom-containing cycloadducts 
may be transformed into a variety of other functionalized organic molecules, 
whether cyclic or acyclic. Second, many 1,3-dipolar cycloadditions have the ability 
to generate rings (and functionality derived from transformations of such rings) 
containing several contiguous stereocenters in one synthetic operation. The con- 
figurations of these new stereocenters arise from the geometry of the dipole and 
dipolarophile as well as the topography (endo or exo) of the cycloaddition. An 
additional stereochemical feature arises when the reactive n faces of either of the 
cycloaddends are diastereotopic. Relative stereocontrol in 1,3-dipolar cycloaddi- 
tions is dealt with in some detail, and asymmetric versions of these dipolar 
cycloadditions represent an entirely new aspect of the current reference work. 

In recent years, numerous natural and unnatural products have been prepared by 
synthetic routes that have a 1,3-dipolar cycloaddition as a crucial step in their 
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synthesis. Consequently, this reaction has become recognized as an extremely 
important transformation in the repertoire of the synthetic organic chemist. 

Albert Padwa 

Department of Chemistry 
Emory University 
Atlanta, Georgia 

William H. Pearson 

Department of Chemistry 
University of Michigan 
Ann Arbor, Michigan 
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The synthetic utility of the 1,3-dipolar cycloaddition reaction is evident from the 
number and scope of targets that can be prepared by this chemistry. As one of the 
most thoroughly investigated 1,3-dipoles, nitrones are arguably the most useful 
through their ability to generate nitrogen- and oxygen-based functionality from the 
cycloadducts as well as the potential to introduce multiple chiral centers stereo- 
selectively. A comprehensive review of all nitrone cycloadditions would fill many 
volumes; instead, this chapter will focus upon the highlights of synthetic endeavor 
through 1,3-dipolar cycloaddition reactions of nitrones since 1984. 
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Nitrones 



1.1. NITRONES AND THE 1,3-DIPOLAR 
CYCLOADDITION REACTION 



Nitrones (or azomethine oxides) (1-7) were first prepared by Beckmann in 1890 
(8,9) and named from a shortening of “nitrogen-ketones” by Pfeiffer in 1916 to 
emphasize their similarity to ketones (10). While aromatic N-oxides also contain 
the nitrone moiety, they retain the name of the N-oxides whose reactivity they more 
closely resemble. The general terms aldo- and keto-nitrones are used on occasion to 
distinguish between those with and without a proton on the a-carbon, respectively, 
and nitrones exist in (E)- and (Z)-forms that may interconvert. Their chemistry is 
hugely varied and frequently reviewed, but it is ultimately dominated by their use as 
1,3-dipoles for cycloaddition reactions. In 1960, Huisgen proposed the now widely 
accepted concept of the 1,3-dipolar cycloaddition reaction (11-20) in which the 
formation of the two new bonds occurs as a concerted (but not simultaneous) 
process, rejecting Firestone’s proposed reaction via a diradical intermediate on the 
basis of stereospecificity (21-26). Ironically, Huisgen himself then went on to 
demonstrate the first example of a two-step cycloaddition, using a thiocarbonyl 
ylide 1,3-dipole (27). 

The most common nitrone 1,3-dipolar cycloaddition (DC) reaction (28-35) is the 
formation of an isoxazolidine using alkene dipolarophiles (Scheme 1.1), although 
other multiply bonded systems may also be used (alkynes, allenes, isocyanates, 
nitriles, thiocarbonyls, etc.). The isoxazolidine cycloadduct contains up to three new 
chiral centers and, as with other 1,3-dipoles, the highly ordered transition state 
often allows the regio- and stereochemical preference of a given nitrone to be 
predicted. This prediction is achieved through a consideration of steric and electronic 
factors, but most significantly through the frontier molecular orbital (FMO) theory 
proposed by Fukui (36,37), for which he shared the 1981 Nobel Prize. 

A number of cyclic nitrones have been developed that avoid the issue of nitrone 
(F/Z) isomerization by permitting only a single geometry about the C=N double 
bond and so reduce the number of possible cycloaddition products. Cyclic nitrones 
have also become popular as facially differentiated reagents, allowing predictable 
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asymmetric induction through their ability to enforce the cycloaddition reaction at 
one or other face of the 1,3-dipole. In recent years, the effect of catalysis on the rate 
and selectivity of the nitrone cycloaddition reaction has been examined from which 
impressive results have begun to emerge. Thus, nitrones represent a powerful tool in 
modern synthetic chemistry, whose limits are still being explored more than a 
century after their discovery. 

1.2, TOWARD NATURAL PRODUCTS THROUGH 
NITRONE CYCLOADDITIONS 



With a wealth of nitrone-derived cycloadditions reported in the literature, we 
have sought to arrange this survey according to the synthetic target (e.g., nucleo- 
sides or amino acids) or, where more relevant, grouped by the nature of the 
cycloaddition partners (e.g., those derived from sugars). Where a total synthesis is 
concerned, this task is straightforward, but with more speculative and develop- 
mental papers it would be possible to classify the same work in a number of ways. 
Apologies, then, to authors who feel misplaced. Naturally, there is a degree of 
overlap between many of our groupings, and in each case we have attempted to 
direct the reader to relevant work. Section 1.11 on isoxazolidine synthesis covers a 
particularly broad range of reactions and it is here we have collected some of the 
most significant reports in which the major aim of the work was to characterize a 
novel nitrone cycloaddition reaction rather than achieve the total synthesis of a 
given target molecule. 



1.3. NUCLEOSIDES 



Nucleosides are potent antibiotic, antitumor, and antiviral agents, vital in 
chemotherapy for acquired immune deficiency syndrome/human immunodeficiency 
virus (AIDS/HIV). The polyoxins (e.g., la-b), and closely related nlkkomycins are 
pyrimidine nucleoside antibiotics that are potent inhibitors of the biosynthesis of 
chitin, a major structural component of the cell wall of most fungi (Scheme 1.2). 
Merino and co-workers (38,39) reported the total synthesis of (-l-)-polyoxin J lb 
and of the isoxazolidine analogue of thymine polyoxin C, by nucleophilic addition 
to chiral sugar nitrones. By a 1,3-dipolar cycloaddition route, they have prepared 
polyoxin analogues 2 in which the furanose ring of the parent nucleoside is 
substituted by an isoxazolidine (40). Thus, nitrone 3, prepared in six steps from 
serine (58% overall yield), afforded four isoxazolidine cycloadducts in excellent 
yield (93%) in its reaction with vinyl acetate. The product mixture contained 
predominantly the (3/?,55')-adduct 4a and its C(5) epimer the (3/?,5/?)-adduct 4b, 
separable by chromatography, along with an inseparable mixture of the two C(3) 
epimers. Isoxazolidines 4a and 4b were used as a mixture or separately to glycosy- 
late silylated thymine 5 or uracil 6. Acidic cleavage of the acetonide of the (3R,5S)- 
adducts 7a-b afforded the amino alcohols, which were oxidized to the acids with 
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2,2,6,6-tetramethyl-l-piperidinoxyl (TEMPO) and bis(acetoxy)iodobenzene (BAIB) 
before esterification with diazomethane to give 2a or 2b. The C(5) epimer of each 
N, 0-nucleoside was accessed by similar treatment of the diastereomeric isoxazo- 
lidine adduct (3R,5R) 4b. In earlier work, this group also prepared a related 
oxazolidinyl thymine nucleoside (side-chain amino acid replaced hy — CH 2 OH) via 
the addition of the corresponding D-glyceraldehyde-derived nitrone with the sodium 
enolate of methyl acetate (41). The amino acid side of nikkomycin Bz was 
synthesized by a nitrone cycloaddition route by Tamura et al. (42). 

Chiacchio et al. (43,44) investigated the synthesis of isoxazolidinylthymines by 
the use of various C-functionalized chiral nitrones in order to enforce enantioselec- 
tion in their cycloaddition reactions with vinyl acetate (Scheme 1.3). They found, as 
in the work of Merino et al. (40), that asymmetric induction is at best partial with 
dipoles whose chiral auxiliary does not maintain a fixed geometry and so cannot 
completely direct the addition to the nitrone. After poor results with menthol ester- 
and methyl lactate-hased nitrones, they were able to prepare and separate isoxazo- 
lidine 8a and its diastereomer 8b in near quantitative yield using the A-glycosyl 
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Reagents: ' vinyl acetate, ethyl glyoxalate, 60 °C, 14h; “ bovine serum albumin (BSA), 
thymine, TMSOTf, MeCN, A, 1 h; “ 3.7% HCl in EtOH, room temperature (rt), 3 h. 

Scheme 1.3 



nitrone 9 of Vasella, derived from D-ribofuranose. Adduct 8a was coupled with 
thymine before removal of the sugar auxiliary to afford N, 0-nucleoside 10 . 

Among a number of other homochiral furanosyl- and isoxazolidinylthymine 
targets, these workers also applied an achiral cycloaddition approach with vinyl 
acetate to successfully prepare the antiviral agent d4T ( 11 ) and its 2-methyl 
analogue (Fig. 1.1) (45). In more recent work, similar nitrones [9, R = Me or 
benzyl (Bn)] were used to prepare hydroxymethyl substituted isoxazolidines [3- 
(46) and 3,5-substituted (47)] for the preparation of further nucleoside analogues. 



O 




(13) 
Figure 1.1 
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(15) 
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Reagents: ‘ BnNHOH, EtOH, 15 min, 95%; “ CeHsCl, A, 30 min, 62%; 

Zn, AcOH, EtzO, rt, 48 h, 78%; NH 4 HCO 2 , 10% Pd-C, MeOH, A, 1 h 75%. 

Scheme 1.4 



Elsewhere, Langlois and co-worker (48) applied a 3-hydroxyaminoborneol-derived 
nitrone to the total synthesis of (+)-carbovir (12), the enantiomer of a potent 
reverse transcriptase inhibitor for the treatment of AIDS. 

Mandal and co-workers (49,50) (Scheme 1.4) prepared five- and seven-membered 
carbocyclic nucleosides including the (-l-)-dimethylaminopurine compound 13 
(3.3% from D-glucose) and its enantiomer. Aminocyclopentitol (— )-14 is an 
intermediate in the synthesis of the carbocyclic nucleosides (— )-noraristeromycin 
( 15 ) and (— )-nepalocin A ( 16 ) and has been prepared in enantiopure form by Gallos 
et al. (50a) from nitrone 17 by condensation of the corresponding D-ribose derived 
aldehyde 18 with BnNHOH (Scheme 1.4). Thus, intramolecular cycloaddition of 
nitrone 17 affords tricyclic adduct 19 as a single enantiomer, which is converted to 
(— )-14 after N— O bond reduction (Zn/AcOH) and debenzylation (ammonium 
formate, 10% Pd-C). 

In contrast to the installation of the nucleobase via nucleophilic substitution of a 
suitable leaving group on the isoxazolidinyl cycloadduct, Colacino et al. (51) and 
Sindona and co-workers (52,53) prepared isoxazolidinyl nucleosides using vinyl 
nucleobases as the dipolarophile (Scheme 1.5). In Sindona’s work, while a three- 
component reaction of hydroxylamine, formaldehyde, and 20 afforded a complex 
mixture of cycloadducts and byproducts, the known dipole 21 reacted with N-9- 
vinyladenine (20) in benzene at reflux to afford a racemic mixture of adduct 22 and 
its enantiomer (45%). The ester function was then used to effect a resolution by pig 
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Scheme 1.5 

liver esterase (PLE) enzyme-catalyzed hydrolysis to afford the enantiomerically 
pure acid 23. 

The discovery of spirocyclic nucleosides with anti-HIV- 1 activity has prompted 
Chattopadhyaya and co-workers (54,55) to prepare spiroisoxazolidine nucleo- 
sides (Scheme 1.6). Thus, after proving the reactivity of related systems in an 
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Reagents: ‘ H 2 O 2 , KF, KHCO 3 , MeOH, tetrahydrofuran (THE); 
“ 80% AcOH, 40 °C, 1 h. 



Scheme 1.6 




Nitrones 



intermolecular sense, nucleoside nitrone 24 (or the isomeric 2'-6>-allyl-3 '-nitrones) 
were prepared from the corresponding ketones to afford the spirotricyclic 
cycloadduct 25. Similarly, a reagent with a vinyl silyl ether tether (26) gave the 
related tricyclic adduct 27, which was desilylated by hydrogen peroxide mediated 
Tamao oxidation to afford the spiroisoxazolidine nucleoside 28. Related nitrones 
were earlier prepared by Tronchet et al. (56-59) for studies of nucleophilic addition 
to the nitrone function. 



1.4. LACTAMS 



The continued importance of P-lactam ring systems in medicine has encouraged 
a number of research groups to investigate their synthesis via a nitrone cycloaddi- 
tion protocol. Kametani et al. (60-62) reported the preparation of advanced 
intermediates of penems and carbapenems including (-l-)-thienamycin (29) and 
its enantiomer (Scheme 1.7). They prepared the chiral nitrone 30 from (— )-menthyl 
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Reagents: ‘ Hz, PtOz, MeOH, 20 h, then DCC, MeCN, 60 °C, 3 h, 39%; “ TBDMSCl, 
EtjN, dimethyl formamide (DMF), 16 h, 80%; “ NaOH aq (1 M), THF, 

MeOH then HCl aq (1 M), 81%; TBDMSCl, FtjN, DMF, 18 h, 94%; AcOH 
aq (2.5 M), THF, 6 h then NaHCOs aq (5%); " Pb(OAc) 4 , KOAc, DMF, 40 °C, 1 h, 70% 



Scheme 1.7 





1.4. Lactams 



9 



glyoxal hydrate and benzylhydroxylamine but found it exerted incomplete stereo- 
control in its cycloaddition to benzyl crotonate. The major isolated products, a 1:1 
mixture of isoxazolidines 31a and 31b, are rationalized as the consequence of endo 
or exo addition to the more reactive (E) form of nitrone (30), respectively. 
Simultaneous O- and N-debenzylation and N— O bond hydrogenolysis of 31b 
gave an amino alcohol intermediate, which was used without purification for 
dicyclohexylcarbodiimide (DCC)-mediated cyclization to afford the P-lactam 32. 
Silylation of the hydroxyl and the amide nitrogen was followed by hydrolysis of the 
menthyl ester, which also brought about N-desilylation. Reinstallation of the silyl 
groups through two steps, before insertion of the C(4) acetyl group by oxidative 
acetoxylation with lead tetraacetate, afforded the lactam 33, a known intermediate 
en route to (+)-thienamycin (29). An earlier, related total synthesis of 29 by this 
group using a homochiral A-(2-phenylethyl) auxiliary afforded similar low yields of 
the desired isoxazolidine adducts (60). 

The unusually potent and broad spectrum antibacterial action of (-l-)-thienamy- 
cin is tempered by its instability at high concentration and susceptibility to 
decomposition by renal dehydropeptidase I. In 1984, Shih and co-workers (62a) at 
Merck reported that the 1-P-methylcarbapenem 34 demonstrated increased chemi- 
cal and metabolic stability while retaining high antibiotic activity. Work published 
by Ito et al. (63) described the preparation of a 1-P-methylcarbapenem intermediate 
(35) via a nitrone cycloaddition that gave an equimolar amount of all four possible 
adducts. Later, intermediate 35 was prepared by lhara et al. (64,65) by intramo- 
lecular cycloaddition of a complex chiral alkenyl nitrone to afford a single 
stereoisomer (51%). Separately, Kang and Lee (66), then Jung and Vu (67), 
prepared 1-P-methylcarbapenem intermediate (36) and a synthetic precursor 
respectively, via intramolecular nitrone-alkene 1,3-dipolar cycloaddition reactions 
with complete diastereocontrol. 

Alcaide et al. (68,69) recently published their studies of the intramolecular 1,3- 
dipolar cycloaddition reactions of alkynyl-P-lactams in which they found that the 
desired cycloaddition was in competition with a reverse-Cope elimination. The 
reaction of alkynyl aldehydes 37a-c with A-methylhydroxylamine afforded a 
mixture of products depending on the reaction conditions and the chain length 
separating the alkyne and the lactam (Scheme 1.8). Thus, up to three separate 




(37a) n = 1 (38) (39) 

(37b) n = 2 
(37c) n = 3 



Scheme 1.8 
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Nitrones 



nitrones were identified from the reaction mixture including two from a complex 
proposed mechanism. Thus, alkynyl nitrone (38) was formed from the condensation 
of 37c with Af-methylhydroxylamine in refluxing toluene, and underwent a 1,3- 
dipolar cycloaddition to afford the homochiral isoxazoline 39 via addition to the 
less sterically crowded upper face of 38. Significantly, the isolated yield of the 
cycloadduct is very low (15%), the product ratio favoring the nitrone (38:39 = 3:1). 

Chmielewski and co-workers (70-73) prepared the P-lactam skeleton via a 
nitrone cycloaddition to a sugar ene lactone dipolarophile providing latent polyol 
functionality at C(3) of the lactam (Scheme 1.30, Section 1.7). In other lactam 
cycloaddition chemistry, Rigolet et al. (74) prepared various spirocyclic adducts, 
including 40-42 from the corresponding methylene lactams (75) or the unstable 
methylene isoindolones 43, the latter showing enhanced yields for the cycloaddition 
of A^-benzyl-C-phenyl nitrone to the exocyclic double bond under microwave 
irradiation (Scheme 1.9) (76). Related spiroisoxazolidinyl lactams were reported 
by Fisera and co-workers (77). Funk and Daggett (78) prepared similar spirocyclic 
lactams (e.g., 44) via the cycloaddition reaction of exocyclic nitrone 45 (derived 
from cyclohexanone) with unsaturated esters (Scheme 1.10). The N— O bond 
cleavage of isoxazolidine (46) makes available the nitrogen for spontaneous 
lactamization to the spirocyclic product 44. 

Cycloaddition to endocyclic unsaturation has been used by many researchers for 
the preparation of isoxazolidinyl adducts with y-lactams derived from pyrogluta- 
minol and is discussed later in this chapter as a synthesis of unusual amino acids 
(Scheme 1.20, Section 1.6) (79,80). A related a,P-unsaturated lactam has been 
prepared by a nitrone cycloaddition route in the total synthesis of the fungal 
metabolite leptosphaerin (81). A report of lactam synthesis from acyclic starting 
materials is given in the work of Chiacchio et al. (82) who prepared isoxa- 
zolidine (47) via an intramolecular nitrone cycloaddition reaction (Scheme 1.11). 






Scheme 1.9 
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The acyclic precursor is an a,P-unsaturated amido aldehyde that was condensed 
with A^-methylhydroxylamine to generate the nitrone (£)- 48 , which then underwent 
a spontaneous cycloaddition with the alkene to afford the 5,5-ring system of the 
isoxazolidinyl lactam 47 . The observed product arises via the (£)-nitrone transition 
state A [or the (Z)-nitrone equivalent] in which the position of the benzyl group a to 
the nitrone effectively controls the two adjacent stereocenters while a third 
stereocenter is predicted from the alkene geometry. Both transition states maintain 
the benzyl auxiliary in an equatorial position and thus avoid the unfavorable 1,3- 
diaxial interaction with the nitrone methyl or oxygen found in transition state B. 
Semiempirical PM3 calculations confirm the extra stability, predicting exclusive 
formation of the observed product 47 . Related cycloadducts from the intramole- 
cular reaction of nitrones containing ester- rather than amide-tethered alkene 
functionality are also known (83-85). 







Scheme 1.11 
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1.5. QUINOLIZIDINES, INDOLIZIDINES, 
AND PYRROLIZIDINES 



The title compounds, quinolizidines, indolizidines, and pyrrolizidines (86), are 
characterized by the presence of a bridgehead nitrogen atom in six,six-, six, five-, or 
hve,five-membered bicyclic ring systems, respectively. The polyhydroxylated 
indolizidines and pyrrolizidines have a range of biological effects through their 
inhibition of glycosidase enzymes, including some examples of antiviral activity. 
The nitrogen and nearby oxygen functionality lend themselves to a nitrone 
cycloaddition strategy, as demonstrated by McCaig et al. (87,88) in their synthesis 
of each enantiomer of the indolizidine lentiginosine (49) and related pyrrolizidines 
(Scheme 1.12). Chiral cyclic nitrone 50 was prepared from doubly methoxymethyl 
(MOM) protected diethyl D-tartrate via oxidation of the corresponding pyrrolidine 
with Davis’ reagent. The cycloaddition reaction of nitrone 50 with benzyl but-3- 
enoate in toluene at reflux gave a single cycloadduct 51 in 44% yield after 4 days. 
Reductive N— O bond cleavage and concomitant recyclization with the pendant 
ester function gave a lactam (52), which was reduced to the amine with borane- 
dimethyl sulhde complex. Radical deoxygenation at C-7 of the imidazolylthio- 



MOMO 




OMOM 



N. 



I 

0 “ 

(50) 





Reagents: ‘CH2=CHCH2C02Bn, toluene, A, 4 days, 44%; “ Zn, AcOH, 60 °C, 2 h, 83%; 
“ BH 3 *Me 2 S, THF, rt, 4 h, then EtOH, A, 3 h, 95%; " l,T-thiocarbonyldiimidazole, 
CICH 2 CH 2 CI, A, 2 h, then rt overnight, 83%; '' Bu 3 SnH, AIBN, toluene, A, 3 h, 53%; 
HCl aq (6M), rt, overnight, 60%. 

Scheme 1.12 




1.5. Quinolizidines, Indolizidines, and Pyrrolizidines 



13 



carbonyl derivative 53 and removal of the MOM protecting groups in acid afforded 
a single isomer of lentiginosine (+)-49. By an identical scheme, these workers 
prepared (— )-49 from the enantiomer of isoxazolidine cycloadduct 51. 

A similar approach has been applied by Brandi and co-workers (89-97) using 
chiral 3- and 3,4-substituted pyrrolidine nitrones. With such dipoles they 
have prepared a number of hydroxylated indolizidines (89-92,95) including (— )- 
hastanecine and (— )-croalbinecine (96). As before, N— O bond cleavage was 
followed by recyclization, this time through nucleophilic substitution of the 
terminal hydroxyl moiety derived from the dipolarophile, as its tosylate. These 
workers have recently reported the synthesis of a related monohydroxylated nitrone 
by oxidation of the A-hydroxypyrrolidine to afford an 11:1 mixture of the two 
separable regioisomers (95). Indolizidine and pyrrolizidine skeletons were then 
prepared from this material. In another elegant synthesis. Holmes and co-workers 
(98) prepared the indolizidine core of the allopumiliotoxins (54) (Scheme 1.13). 
Retrosynthetic analysis suggested an isoxazolidinyl intermediate, ultimately 
derived by an intramolecular cycloaddition reaction of alkenyl nitrone 55. The 
desired cycloadduct 56 was the major product isolated from a mixture containing 
small amounts of three other diastereomers and afforded the target skeleton 54 or its 
C(3) epimer after extensive synthetic manipulation (98). In other work on the 
intramolecular nitrone cycloaddition (99), this group has published intermediates in 
the total synthesis of the indolizidine alkaloid gephyrotoxin (100) as well as the 
total synthesis of spiropiperidine natural product histrionicotoxin (Scheme 1.49, 
Section 1.10) (101). Kibayashi and co-worker (102,103) reported two total 
syntheses of the indolizidine (-l-)-monomorine I (57), both of which rely on the 
same cycloaddition reaction of an achiral methyl glyoxalate-derived nitrone and a 
homochiral allyl ether. The resultant mixture of isoxazolidines was a 3:1 mixture in 
favor of the desired product in 76% combined yield. 

The rare reports of quinolizidine formation by a nitrone cycloaddition strategy 
include the racemic total synthesis of lasubine II (58), one of a series of related 
alkaloid isolated from the leaves of Lagerstoemia subcostata Koehne (Scheme 
1.14) (104). While these alkaloids were previously accessed by interaiolecular 
nitrone cycloaddition reactions, this more recent report uses an /wtramolecular 
approach to form the desired piperidine ring. Thus, cycloaddition of nitrone 59 
affords predominantly the desired bridged adduct 60 along with two related 




Scheme 1.13 
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Reagents: ‘ PhMe, A, 1 h, 60%; “ Zn, AcOH, 65 °C, 4 h, 95%; “ TMS-imidazole, DCM, 4 h; 

160 °C, 2 h, then TBAF, THF, 2 h, 50% (from 61); '' PhjP, PhCOjH, diethylazodicarboxylate (DEAD), 
DCM, rt, 2 days, thenKOH, MeOH, rt, 6 h, 74%; LiAlH 4 , THF, A, 4 h, 76%. 



Scheme 1.14 



diastereomers. Reductive N— O cleavage of 60 with Zn/AcOH provided a trisub- 
stituted piperidine ( 61 ) which, after formation of the silyl ether from the hydroxyl 
group, was cyclized in a melt of 2-hydroxypyridine at 160 °C. The stereochemistry 
at this position [C(2) in lasubine II numbering] was inverted under Mitsunobu 
conditions to afford the desilylated lactam 62 and, after reduction of the carbonyl 
with LiAlH 4 , afforded the target compound (±)-58. 

A recent article describes the use of an unusual nitrone-alkene intramolecular 
cycloaddition-retrocycloaddition-intramolecular cycloaddition strategy (Scheme 
1.15). Here, Cordero et al. (83) used a pyrrolidine nitrone to afford the isoxazo- 
lidine skeleton before installation of the alkenyl ester side chain of 63 by Mitsunobu 
methodology employing a polymer supported triphenylphosphine. Thermally 
induced retrocycloaddition of 63 in o-dichlorobenzene at 150 °C afforded an 
unisolated nitrone ( 64 ) that underwent an intramolecular cycloaddition to afford 
a second isoxazolidine ( 65 ). Removal of the p-methoxybenzyl (PMB) protecting 
group and mesylation of the revealed hydroxyl was followed by hydrogenolytic 
N— O bond cleavage, to free the amine nitrogen for nucleophilic attack at the carbon 
carrying the mesylate to afford indolizidine (66). 
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Reagents: ' 0 -CI 2 C 6 H 4 , 150 °C, 3 h, 74%; “ trifluoroacetic acid (TFA), DCM rt, 
then MsCl, EtjN, DCM, 0 °C, then Hj, Pd-C, MeOH. 

Ms = methanesulfonyl 

Scheme 1.15 

These authors also showed that the indolizidine skeleton can be prepared from 
cyclopropyl dipolarophiles (Scheme 1.16). The cycloaddition of alkylidenecyclo- 
propanes 67 with various nitrones (e.g., 68 ) afforded the expected isoxazolidine 
adducts 69 and 70 , commonly forming the C(5) substituted adducts 70 (97,105- 
108) predominantly but not exclusively (109-111). Thermally induced rearrange- 
ment of the spirocyclopropyl isoxazolidine adduct 70 afforded the piperidinones 71 
(107,108). These authors propose reaction via initial N— O bond homolysis of 70 to 
diradical 72 followed by ring expansion through relief of the cyclopropyl ring strain 
forming the carbonyl of a second diradical intermediate 73 , which cyclizes to afford 
the isolated piperidinone 71 . 

In this way, spirocyclopropyl adduct 74 (from cycloaddition of 75 and 76 ) was 
used to prepare gephyrotoxins (106) and lentiginosine ( 49 ) (Scheme 1.17) 
(105,112). In the latter case, pyrolysis of adduct 74 afforded indolizidinone 77 
(45%) along with the amino ketone 78 (55%), the predominance of the latter being 
accredited to the steric hindrance of the diradical coupling by the bulky TBDPS 
groups. Reduction of the carbonyl of 77 was achieved with sodium borohydride 
after conversion to the tosyl hydrazone before final desilylation of 79 with HP 
afforded 49 , allowing the authors to challenge the published absolute stereochem- 
istry. The presence of a phenyl group (particularly when substituted by electron- 
donating groups) on the nitrogen atom of the isoxazolidine exerts a powerful 
activation of the rearrangement, allowing the thermolysis reaction to occur at much 
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Scheme 1.16 






OTBDPS H 




TBDPS = ferf-butyldiphenylsilyl 

Reagents: ‘ PhH, rt, 7 days, 75%; “ xylenes, 140 °C, 1.5 h, 45%; “ TSNHNH 2 , MeOH, 
7 h, then NaBH 4 , 65 °C, 20 h, 45%; " 40% aq HF, CH 3 CN, rt, 2 days, 70 %. 

Scheme 1.17 
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(82) 




(83) n =0, 1,R = H, Cl 



Figure 1.2 




(85a) Illudin S (R = OH) 
(85b) Illudin M (R = H) 



lower temperatures (97). The authors were also able to prepare adducts from 
bicyclopropylidene (80) (113-117) and methylene spirocyclopropyl dipolarophiles 
(81-83) (118-120), which were transformed on heating into spirocyclopropyl 
piperidones (e.g., 84) from dipolarophile 81, as aza-analogues of the illudin family 
of cytotoxic sesquiterpenes (85a-b) (Fig. 1.2). This rearrangement has been 
applied to the synthesis of racemic indolizidine elaeokanine A and precursors 
of (±)-lupinine and (±)-epilupinine (121) and related targets (122) as well as (2S)- 
4-oxopipecolic acid, a rare amino acid found in the virginiamycin cyclic peptides 
(123). 

This work has since been extended to cyclobutyl isoxazolidine adducts (e.g., 86) 
from the cycloaddition of 87 to methylenecyclopropane (88) (Scheme 1.18) (124- 
127). Thermolysis afforded a mixture of products, of which the bicyclic azepinone 
(89) predominated. Spirocyclic adducts were also prepared from an intramolecular 
reaction in the synthesis of cyclic amines (Scheme 1.72, Section 1.11.3). 

A further rearrangement route to bicyclic aminoketones has been investigated by 
Padwa et al. (128-134) (Scheme 1.19). Building on the allene-nitrone cycloaddi- 
tions reported by Tufariello, the alkenylisoxazolidine adducts 90 and 91 were 




FVT = flash vacuum thermolysis 



Scheme 1.18 
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Scheme 1.19 



Me 




(94) n = 1 

(95) n = 2 



prepared from the reaction of the corresponding cyclic nitrones 92 and 93, 
respectively, and an electron-deficient allene dipolarophile, with chemoselection 
for the more hindered, more electron-deficient alkene in almost every case. The 
pyrrolizidine and indolizidine skeletons were prepared hy thermolysis of these 
adducts at 80-90 °C (sealed tube, 8 h) to afford the bicyclic aminoketones 94 and 95 
via a proposed diradical mechanism. 

1.6. PEPTIDES AND AMINO ACIDS 



3-Hydroxy-4-methylproline (96) is a common structural feature of the 
echinocandins and mulundocandins, which exhibit specific fungicidal activities, 
and as such this moiety has been retained in a number of synthetic antifungal 
agents. Langlois and Rakotondradany (80) have prepared the natural (2S,3S,4S) 
form of 96 by the 1,3-dipolar cycloaddition of (1 -ethoxy )ethoxymethyl protected 
a,P-unsaturated y-lactam (97) [prepared from (5')-pyroglutaminol] (79) with excess 
A-methylnitrone, which affords the desired adduct 98 (70%) along with the 
regioisomer 99 (9%) (Scheme 1.20). Quantitative reduction of the lactam carbonyl 
with diisobutylaluminum hydride (DIBAL) and sodium cyanoborohydride was 
followed by a protection exchange, N— O cleavage. Cope elimination, and enantioselec- 
tive hydrogenation to afford the target amino acid 96, isolated as the hydrochloride. 

Similarly, Kibayashi and co-workers (135) installed both chiral centers in the 
unusual peptide-like antibiotic (-f )-negamycin ( 100 ) by a cycloaddition strategy 
(Scheme 1.21). o-Gulose-derived nitrone d-101 was reacted with carbobenzoxy 
(Cbz)-protected allylamine to afford an inseparable mixture of two isoxazolidines, 
102 and its C(3) epimer. After N-protection exchange, reduction of the ester 
function allowed separation as the corresponding alcohols 103. Tosylation, homo- 
logation with NaCN and nitrile hydrolysis in methanol afforded the correct chain 
length at C(3) of the (3R,5R) isomer 104 before activated ester coupling of the 
hydrazide moiety and deprotection gave the natural product (-f)-lOO (135). 

The use by Langlois of an amidoalcohol (79,80) is an unusual strategy for the 
construction of a-amino acids. More commonly, the required amine and carboxylic 
acid functionalities are carried into the cycloaddition in the dipolarophile, as a 
homochiral alkenyl a-amino acid derivative. Importantly, this introduces a second 
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(97) 



Me 




Boc 
(99) (9%) 



Me 

I 




I 



Boc 

(98) (70%) 



/ 



steps 




(96) 



Scheme 1.20 



N and O function into the molecule and has been used to prepare hydroxyarginines 
(136,137), hydroxyornithines (136-138), P-lysine, P-leucine, and P-phenyl-P- 
alanine (139,140), the low-calorie sweetener aspartame (141) and the antitumor 
antibiotic acivicin (142-144). 
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(102) R' = C02Me 

(103) R‘ = CH 2 OH 

(104) R' = CH 2 CN 



vi-x 



Reagents: ‘ PhMe, A; “ 10% HCl, MeOH, 40 °C; “ BnBr, K 2 CO 3 , DMF, 50 °C; ” LiAlH 4 , Et 20 , 

0 °C to rt; '' TsCl, EtN(iPr) 2 , DCM, 0 °C to rt then NaCN, dimethyl sulfoxide (DMSO), 80 °C; " HCl, 
EtOH, rt; ™ aq NaOH, MeOH, rt; EtOCOCl, EtjN, PhMe, 0 °C; “ H 2 NN(Me)CH 2 C 02 Bn, PhMe, 
0 °C to rt; ’‘H 2 , 10% Pd-C, MeOH, aq AcOH. 



Scheme 1.21 
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R* 
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TiCl4, 4 A mol sieves, CICH2CH2CI 
R* = (R)-l-Ph-ethyl 
Ar = p-MeO-CgH4 



(106) 



CH2OAC 

R^^C02Me ^ 
NHBoc 

(108) R = CO 2 H, CH 2 OH, N 3 

Scheme 1.22 





An unusual route was described by Tamura et al. (42,84,85,145-148) in which 
p-substituted a-amino acid precursors were formed by a tandem transesterification 
and cycloaddition process (Scheme 1 .22). The alkenyl nitrone 105 was formed by 
the treatment of chiral nitrone 106 (with a carboxylic ester substituent on the 
nitrone carbon atom) with an unsaturated alcohol in the presence of catalytic TiC^. 
Spontaneous intramolecular dipolar cycloaddition of this reagent afforded adduct 
107 and a diastereomer with moderate selectivity (3:1) using (R)-a-phenylethyl 
chiral auxiliary on the nitrone nitrogen atom. Thus, after further synthetic 
manipulation including ruthenium-mediated oxidative cleavage of the aromatic 
ring, adduct 107 afforded the p-functionalized a-amino esters 108 . Similarly, 
p-aminoalcohol functionality was introduced with a small measure of stereoselec- 
tivity into intermediates of potent oligoamide renin inhibitors through the use of a 
homochiral alkenylamine dipolarophile (149). 

Peptide functionality may be prepared in a homochiral dipolarophile for 
subsequent cycloaddition reaction, as demonstrated in the synthesis of peptidomi- 
metic isoxazolidine anatagonists of human neurokinin-A hy Brandi and co-workers 
(150) (Scheme 1.23). The 1,3-dipolar cycloaddition of macrocyclic maleic acid 
diamide ( 109 ) to a tert-hutoxypyrrolidine nitrone ( 110 ) afforded in 86% yield a 
25:1 mixture in favor of 111 (via transition state exo-A) over its regioisomer (from 
exo-R) after a 27h reaction in refluxing toluene. Comparable yields but lower 
selectivities were observed in DMSO, indicating that, with the existence of an 
equilibrium excluded, a conformational change in the peptide enforces a change in 
regioselectivity. The observed products are rationalized in terms of double asym- 
metric induction. First, the alkene functionality of the macrocyclic dipolarophile 
109 can only reasonably be approached via an exo transition state, and so endo 
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( 110 ) 

H 




( 111 ) 

Scheme 1.23 



approach (endo approach to the top face of 109 is arrowed) is excluded on steric 
grounds. Additionally, the dipole 110 is also facially discriminating, only tolerating 
reaction at the face opposite the bulky C-tcrf-butoxy substituent. Furthermore, the 
dipolarophile 109 exerts a preference for reaction at its lower face as drawn (via 
transition state exo-A), through steric crowding of the upper face by the indole 
moiety of the tryptophan residue (exo-R). 

Alternatively, some of the desired amino acid functionality may be contained 
within the nitrone fragment, as in the synthesis of homochiral allyl glycines by 
Katagiri et al. (151), which reveals the carboxylate by hydrolysis of a lactone in the 
dipole (Scheme 1.24). Flere, thermolysis of nitroso Meldrum’s acid (112) via a 
nitrosoketene intermediate 113 and reaction with /-menthone gave the separable 
nitrones 114a (26%) and 114b (28%) by a [3 + 2] cycloaddition, although a 
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Reagents: ‘ Allyltrimethylsilane, 800 MPa, toluene, 40 °C, 90%; “ 0.15 Maq NaOH, 
4 h, 100%; “ Hj, Pd-C, MeOH, 88%; " BF3*Et20, MeCN, 3 h, 100%. 



Scheme 1.24 



possible [4 + 2] addition and 1,2-migration pathway was also acknowledged. 
Cycloaddition of nitrone 114a with allyltrimethylsilane under high pressure 
proceeds to the isoxazolidine 115 as a single isomer in excellent yield (90%), 
which becomes quantitative with boron trifluoride-diethyl etherate catalysis. The 
high stereoselection is explained through steric hindrance of the lower face of the 
nitrone by the pendant isopropyl group of the menthyl auxiliary, allowing addition 
of the dipolarophile to the upper face only. The carboxylic acid functionality was 
revealed by hydrolysis of the oxazolidinone to give 116 and afforded the (S)-allyl 
glycine 117 by N— O bond hydrogenolysis followed by a Peterson-type elimination 
with boron trifluoride. The isomeric nitrone (114b) afforded (/?)-117 by identical 
treatment. Another significant use of this strategy is the preparation of pyroglutamic 
acids (118 ) by Merino et al. (152,153) using the cycloaddition of furfuryl nitrones 
with acrylate esters or the acrylamide of Oppolzer’s bornane-10,2-sultam chiral 
auxiliary (Scheme 1.25). As a key step in the synthesis, the furfuryl side chain 
was used as latent carboxylate functionality, conversion being achieved using 
ruthenium-mediated oxidation (RUO 2 — NalOq). Semiempirical and ab initio calcu- 
lations supported the experimental findings in which (3R,5R) isomer 119 was 
consistently found to be the major product. 

As part of their exploration of peptide secondary structure, Hermkens et al. 
(154) reported an innovative use of the nitrone dipolar cycloaddition 
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(Scheme 1.26).The reaction of homochiral amino acid derived nitrone 120 with 
the complex allyl amide 121 afforded a mixture of three isoxazolidine 
diastereoismers. Catalytic hydrogenolysis of the benzyl ester and Cbz protecting 
groups was followed by amide coupling with <9-(l//-benzotriazol-l-yl)-Af,Af,A',A^'- 
tetramethyluronium tetrafluoroborate (TBTU) and acidolysis of the Boc and tert- 
butyl ester. The resultant macrobicyclic isoxazolidinyllactam P-turn mimics (e.g., 
122) were tested for activity in a human platelet aggregation assay, in which the 
negative results suggest that a P-turn is not present in the bioactive form of the 
receptor. 



CbzHN 




NH 




r-BuC02 




( 122 ) 



( 121 ) 



Reagents: ‘ PhMe, 15 kbar, 50 °C, 2 days; “ H 2 , Pd-C, MeOH, “ DMF, TBTU, pH 8.0, rt; 
‘''TFA, PhOH, H 2 O, (i-Pr) 3 SiH (88:5:5:2). 



Scheme 1.26 
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1.7. SUGARS 



Carbohydrates are in common use in nitrone cycloaddition chemistry, whether in 
the synthesis of homochiral dipoles from a readily available chiral pool (155-162) 
or as off-the-shelf homochiral dipolarophiles (163-165), and also constitute 
important synthetic targets (166-168). The carbohydrate-derived nitrones of 
Vasella and co-workers (169) are among the earliest examples of homochiral cyclic 
nitrone 1,3-dipoles and applications include the addition of methyl methacrylate to 
the spirocyclic nitrone 123 (Scheme 1.27). The isoxazolidine 124 was the major 
product isolated from a mixture containing the C(2) epimer 125 and two regioi- 
somers (83:2:7.5:7.5, respectively). The assignment of stereochemistry of adduct 
124 is supported by X-ray crystallography and, against expectation, the conhgura- 
tion at C(4) of the major product is consistent with the approach of the dipolar- 
ophile to the sterically crowded face of the nitrone 123 {anti to the C(4) to O bond). 
The diasteromeric excess (de) at C(2) of 81% (124:125 = 83:2%) indicates a strong 
preference for the ester in an endo position in the transition state. Reaction of 123 
with methyl acrylate afforded a more complex mixture, which showed that reaction 
proceeds with a similar regiochemical preference but with little facial or endo-exo 
selectivity. 

Elsewhere, the reaction of styrene with nitrones derived from cyclic acetals of 
D-erythrose (e.g., 126) or D-threose has afforded a mixture of diastereomeric 
isoxazolidines (Scheme 1.28) (170,171). In all cases, nuclear magnetic resonance 
(NMR) analysis suggests that the major product contains the C(3)/C(4') erythro 
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C(3)/C(5) cis product (e.g., 127) and was confirmed by X-ray crystallography. 
The stereoselectivity of addition increases with the bulk of the N-substituent of the 
nitrone, and is rationalized through the less-hindered endo approach of the 
dipolarophile to the more reactive (Z)-nitrone. While the stereoselection was 
unpredictable, all of the nitrones exhibited total regioselectivity for the 5-phenyl 
isoxazolidines. This work bears some similarity to the approach of DeShong et al. 
(172,173) who prepared amino- and deoxy-sugars from the cycloaddition of non- 
carbohydrate derived nitrone acetals (Scheme 1.29). Reaction of 128 with vinyl- 
trimethyl silane afforded a diastereomeric mixture of isoxazolidine intermediates 
129, which underwent a complex bond cleavage cascade induced by treatment with 
dilute HF, ultimately to afford a single a,P-unsaturated aldehyde 130. This 
intermediate is a latent 5-hydroxyaldehyde and, once revealed by enal reduction 
and acetonide hydrolysis, underwent a ring closure to afford the trldeoxyhexose 
sugar rhodinose 131 as a mixture of anomers. The ethyl vinyl ether-derived adduct 
132 afforded the 3-amino-5-hydroxyaldehyde 133 by a more familiar hydrogeno- 
lytic N— O bond cleavage and spontaneously formed the amino sugar daunosamine 
(134), isolated as the protected methyl glycoside (135). 




Reagents: ‘ CH 2 =CHSiMe 3 , 80 °C, 24 h, 90%; “ 50% aq HF, MeCN, rt, 30 min; “ H 2 , 5% Pd-C, 
EtOH, 2 h; " 2% aq HCl, acetone, rt, 40 % from 128; CH 2 =CHOEt, A, 72 h, 93%; " H 2 , 5% 
Pd(OH) 2 , 10% HCl / MeOH, 48 h, then AC 2 O, py, 4-(dimethylamino)pyridine (DMAP), 24 h rt 



Scheme 1.29 
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The most commonly reported carbohydrate-derived dipolarophiles are the 
a,P-unsaturated lactones (70-73,174-177). Chmielewski and co-workers (73) 
prepared the polyol P-lactam 136 via a nitrone cycloaddition strategy based on 
the Tufariello approach (178) and took advantage of the regioselectivity of the 
cycloaddition of nitrones to ene-lactones, in which the nitrone oxygen is added at 
C(3) of the sugar §-lactone (Scheme 1.30). Adduct 137 was the sole product of the 
cycloaddition of A-phenyl-C-(4-methoxyphenyl)nitrone with enelactone 138 , but 
unexpectedly, conventional N— O bond hydrogenolysis resulted in deamination. The 
isoxazolidine ring of 137 was successfully opened after conversion to 139 by ester 
hydrolysis and protection of the acid (as the benzyl ester) and hydroxy moieties 
(as silyl ethers). The acyclic aminoester intermediate 140 underwent ring- 
closure mediated by 2-chloro-l-methylpyridinium iodide to afford the p-lactam 
skeleton 136 . 

In recent work, Chmielewski and co-workers (174) reported the highly stereo- 
selective reaction of ene-lactones with chiral pyrrolidine nitrone ( 141 ) to afford 
tricyclic adducts (Scheme 1.31). A 1;1 mixture of ene-lactone 142 and nitrone 141 
provided adduct 143 with an uncharacterized isomer (97:3) (91%) while homo- 
chiral D-glycero ( 138 ) gave the adduct 144 as a single diastereomer (88%). A 2:1 
mixture of racemic 138 and nitrone 141 afforded a 91:1 mixture of the two possible 
adducts, representing an effective kinetic resolution of the racemic lactone. 



OAc OTBDMS 




(137) (139) 




Reagents: ' KOH, dioxane, H 2 O, rt, overnight, then BnBr, 18-crown-6, DMF, 60%; “ TBDMSCl, 
imidazole, DMF, 0 °C, then rt, overnight, 90%; “ H 2 , 2 atm, 10% Pd-C, EtOH, 2 h, 

85%; 2-chloro-l-methylpyridium iodide, Et 3 N, DCM, rt, 2 h, 80%. 



Scheme 1.30 
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Ol-Bu 

(143) 



Scheme 1.31 



Observed adducts arise through exo addition of the lactone to the re-re face of the 
nitrone 141 , which avoids an unfavorable C=0/0-te/"t-butyl steric clash. 

Langlois and co-workers (179) found the same exo stereochemical preference 
through double asymmetric induction of a related ene-lactone ( 7?)-145 with their 
well-explored and efficient camphor-derived oxazoline nitrone (IS)- 146 (Scheme 
1.32). They found the cycloaddition components form a matched pair and allowed 
kinetic resolution of the racemic lactone in up to 70% enantiomeric excess (ee). 
They suggest the selectivity for exo adduct 147 arises through destabilization of the 
endo transition state by a steric clash between dipolarophile ring hydrogens and the 
bornane moiety. 

Borrachero et al. (180) prepared a number of sugar isoxazolidines by the 
reaction of carbohydrate-functionalized nitrones with nitroalkenes (Scheme 1.33). 
They found a matched pair of chiral sugar cycloaddition reaction partners to be 




(1S)-(146) (R)-(145) (147) ejco 



Scheme 1.32 
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(148) R = Gal 
(152) R = Xyl 



(149) R = Gal 
(153) R = Xyl 



(150) R = Gal 
(154) R = Xyl 



(151) R = Gal 
(155) R = Xyl 





much more effective than a single carbohydrate auxiliary, which also suffered some 
isomerization on silica gel. In all the isoxazolidine adducts, the nitro group is at 
C(4) and the trans geometry of the alkene is maintained, as expected. Thus, the 
reaction of nitrone 148 with alkene 149 (both derived from a-D-galactose) afforded 
a 7: 1 mixture of the two possible exo adducts 150 and 151. The ratio is improved by 
using a matched pair of a-D-xylose-derived components (152 and 153) to afford a 
9:1 mixture of adducts 154 and 155. Similarly, Wightman and co-workers (181) 
found excellent yields and stereoselectivies in the addition of a D-lyxose-derived 
nitrone to D-mannosyl- and D-galactosyl alkenes, although each cycloaddition 
contributes only one new chiral centre to the target aza-C-disaccharides (e.g., 
156). Brandi and co-workers (182,183) used their tartaric and malic acid derived 
nitrones in the preparation of a number of pseudo-aza-C-disaccharides (e.g., 157) 
and reported significant rate and yield enhancements under high pressure (184). 

The intramolecular cycloaddition of an alkenyl nitrone by Tronchet in 1972 was 
the first example using a sugar derivative (185). Since then, many researchers 
investigated the intramolecular reaction of nitrones generated from sugars, in 
particular those from 0-allyl carbohydrates, which can give rise to tetrahydro- 
pyanyl- or oxepanyl-isoxazolidine cycloadducts (Scheme 1.34) (186-193). Shing’s 
work demonstrates that the stereochemical outcome depends only on the relative 
configuration at C(2) and C(3) of the sugar (192). Thus, threo D-hexose-derived 
allenylnitrone 158 (from 3-(9-allyl-D-glucose 159) afforded oxepane 160 only 
(isolated as the tetraacetate) while the regioisomeric tetrahydropyran (161) was 
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Reagents: ' MeNHOH'HCl, NaHCOs, 80% aq EtOH, A, 48 h. 

Scheme 1.34 



not observed. Conversely, a tetrahydropyranyl adduct was the sole product of an 
analogous erythro alkenyl nitrone derived from D-mannose. The authors propose 
two interconvertible chair-like transition state conformations for tetrahydropyran 
formation by intramolecular cycloaddition of t/treo-nitrone 158 (transition states A 
and B). Both conformations incur unfavorable 1,3-diaxial interactions and 
the tetrahydropyranyl product is not observed, while no such impediment exists 
in the erythro series. Exclusive formation of oxepane (160) from nitrone (158) can 
thus be rationalized via the relatively favored seven-membered transition state C. 
Yields for the unprotected carbohydrates are moderate and the presence of 
decomposition products has prompted further work on benzyl-ether protected 
derivatives. 



1.8. SULFUR- AND PHOSPHORUS-CONTAINING 
COMPOUNDS 



While nitrones have demonstrated reactivity toward a number of sulfur- 
containing dipolarophiles including C=S multiply bonded molecules, by far the 
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most common are the vinyl sulfur compounds (194,195). The known cycloaddition 
reaction of chiral vinyl sulfoxide dipolarophiles with acyclic nitrones has now been 
extended to cyclic dipoles by two independent groups. The reaction of tetra- 
hydropyridine N-oxide 93 with (5')-/t-tolyl vinyl sulfoxides (162) in ether for 7-10 
days afforded exclusively the exo adducts, with 163a as the major product along 
with its diastereomer 163b in 89-98% de and 85-97% yield (Scheme 1.35) (196). 
The high regio- and stereoselectivity of the addition was first confirmed for selected 
adducts by reduction with TMSI/Nal to enantiomeric sulfides [e.g., 163b (R = Me) 
to 164]. Reductive cleavage of the N— O bond of adduct 163a (R = Me) and 
simultaneous desulfurization with Ni/Al amalgam afforded the known piperidine 
natural product (+)-sedridine (165) along with its C(7) epimer. To overcome this 
epimerization, selective cleavage of the N— O bond was followed by protection of 
the amino functionality before desulfurization with Raney nickel. Deprotection 
with TMSI rapidly and efficiently reveals the enantiomerically pure natural product 
165 (97% yield). 

The reaction of tetrahydropyridine A-oxide (93) (n—l) with a chiral sulfinyl 
maleimide dipolarophile (166) has been reported (Scheme 1.36), but afforded the 
major product 167 with only modest stereoselectivity, despite the use of a 





Reagents: ‘ EtzO, rt, 7-10 days, 85-97%; “ TMSI, Nat; “ Ni/Al, aq KOH, MeOH, rt, 2 h, 93%; 
CICO 2 CH 3 , aq K 2 CO 3 , rt, 18 h, 98%; W-6 Raney Ni, H 2 , MeOH, 18 h, 84%; 

" TMSI, DCM, A, 1 h, then MeOH, rt, 10 min, 97%. 



Scheme 1.35 
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Scheme 1.36 



homochiral sulfoxide carrying a bornyl alcohol chiral auxiliary (R*) (197). 
Conversely, reaction with 1-pyrroline A^-oxide ( 92 ) afforded an inseparable mixture 
of products. 

Aggarwal et al. (198) reported nitrone cycloaddition reactions with the unusual 
disulfoxide dipolarophile fran5-2-methylene-l,3-dithiolane ( 168 ) (Scheme 1.37). 
The question of exo/endo selectivity of the cycloaddition reaction is avoided by the 
use of this C 2 -symmetric dipolarophile for which only two transition states are 




(A) 



(B) 



Scheme 1.37 
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(172a) n = 1 
(172b) n = 2 




(171a) n=\ 
(171b) n = 2 




(173) 



Reagents: ‘RNHOH-HCI, NaOMe, rt; “ PhMe, 95 °C 

Scheme 1.38 



possible. Thus, the reaction of 168 with Ai- methyl- C-phenyl nitrone can lead to two 
diastereomeric products 169 and 170, but only 169 is observed, via the favored 
transition state A. The disfavored transition state B is characterized by a repulsion 
between the nitrone phenyl moiety and the sulfinyl oxygen. The complete regio- 
selectivity for 4,4-disubstitution in the isoxazolidine cycloadducts is unusual for 
addition of a nitrone to 1,1-disubstituted alkenes. Similarly, high selectivities were 
also found in the reaction of 168 with simple cyclic nitrones. 

Elsewhere, the intramolecular cycloaddition of a nitrone carrying a vinyl 
sulfoxide or vinyl sulfone moiety has been examined (Scheme 1.38) (199). The 
nitrone reagents 171a-b were generated by condensation of an N-substituted 
hydroxylamine with the corresponding aldehydes 172a and 172b followed by 
thermal cheletropic removal of SO 2 . The cis-fused cycloadducts 173 predominate in 
the cycloaddition reactions of the 5-dienylnitrones (171a, «= 1) with either sulfide 
or sulfone substituents and is explained in terms of a more highly strained transition 
state for the trans isomer. In contrast, of the 6-dienyl analogues 171b (n = 2), only 
the sulfones retain stereoselectivity. The phenylsulfide adduct 173 (x = 0) has been 
transformed into a bicyclic azetidine, a rare heterocyclic 4,5-ring system. A four- 
membered ring system has also been utilized in the more common intermolecular 
cycloaddition of vinyl sulfones in which electrochemically generated 1-phenylsul- 
fonylcyclobutene (174) was reacted with a range of nitrones to afford cyclobutenyl 
isoxazolidines (175) (Scheme 1.39) (200). 
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Scheme 1.39 
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(176) 




(178) (179) X = 0, 2 

Scheme 1.40 



Ph 




The use of C-furfuryl nitrones by Merino and co-workers (201) as latent 
carboxylate functionality (see Section 1.7) has inspired the development of an 
analogous C-thiazolyl nitrone. Thus, after reaction of this dipole with acrylate 
esters, the authors take advantage of the thiazolyl-to-formyl synthetic equivalence 
to reveal aldehyde functionality after reduction with sodium cyanoborohydride. 

There have been simultaneous reports of the intramolecular cycloaddition of 
alkenyl nitrones bearing alkenylsulfide (202,203) or alkenylsulfone substitutents 
(Scheme 1.40) (203). In both cases, the isolated products were the corresponding 
fused bicyclic isoxazolidine adducts 178 and 179 , respectively. 

Brandi and co-workers (204) utilized phosphorus chirality in a dipolarophile for 
a 1,3-dipolar cycloaddition reaction with 2,2-dimethyl-3,4-pyrroline-Moxide ( 87 ) 
(Scheme 1.41). They found diastereoselectivity was possible through judicious 
choice of the substitution at phosphorus of vinylphosphine oxides and sulfides. The 
most successful additions were between the dipole 87 and P-diallyl-P-tert-butyl- 
phosphine oxide 180 or the corresponding phosphine sulfide 181 . These adducts, 
isolated in good yields (84 and 80%, respectively) show almost total diasteroselec- 
tivities for the isoxazolidines 182 and 183 over the corresponding enantiomeric 
adducts, with stereochemical assignments based on X-ray crystallographic analysis 
of sulfide 183 . In later work, an enantiopure nitrone generated from L-tartaric acid 
was reacted with a racemic dihydro- 1-phenylphosphole, to give predominantly the 
(5)-P product over its (/?)-P enantiomer (3:1, 91% total yield) along with the 
unreacted (/?)-phosphole (27%) almost completely resolved (> 96% ee) (205). 




X 

t-Bu 




(180) X = 0 

(181) X = S 



( 87 ) 



Scheme 1.41 



(182) X = 0 

(183) X = S 
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1.9. CATALYTIC CYCLOADDITIONS 



The widespread use of chiral nitrones or dipolarophiles in enantioselective 
cycloaddition reactions relies on effective asymmetric induction in the synthesis of 
the homochiral cycloaddition component. Thus, chiral catalysts that could control a 
cycloaddition reaction at substoichiometric levels would be powerful additions to 
the synthetic literature. The search for such catalysts, the fastest growing field of 
cycloaddition chemistry, has made significant progress since the pioneering work of 
Kanemasa in 1992 and the first enantioselective nitrone cycloaddition reaction in 
1994. This field is now regularly reviewed (33,35,206). Much work has concen- 
trated on the use of salts of magnesium, zinc, copper and titanium (84,85,207-216) 
including the use of complexes of bis(oxazoline) (184) (217-220) and tetraaryl- 
dioxolanedimethanols (TADDOLs) (185) (Fig. 1.3) [221,222]. Elsewhere, nickel 
catalysis in the presence of an unusual bis(oxazoline) was reported (223) as well as 
the cycloaddition of a platinum-coordinated nitrile dipolarophile (224). A number 
of workers have used metal complexes of 2,2'-dihydroxy-l,l '-binaphthyl (BINOL) 
(186) and its derivatives, including those with aluminium (225-227) and lantha- 
nides (228-230). Other use of lanthanides includes the reactions catalyzed by 
Eu(fod )3 [europium tris(6,6,7,7,8,8,8-heptafluoro-2-2-dimethyl-3,5-octanedionate)] 
(231) or lanthanide triflates, both in solution (232) and on polymer support (233). 
Trimethylsilyl triflates have also been employed (234,235) while alternatives to the 
BINOL ligands include binaphthylphosphine complexes with palladium (236,237). 
In earlier work, the cycloadditions of chiral chromium tricarbonyl (238-240) or 
iron tricarbonyl complexed (241) nitrones have been investigated. 

I.IO. PYRROLIDINES, PIPERIDINES, AND OTHER AMINES 



The plethora of piperidine (242) and pyrrolidine alkaloids in Nature have made 
attractive targets for total synthesis, particularly since many contain a hydroxyl moiety 
adjacent to the amino group. This functionality is the case with the pseudodisto- 
mins-piperidines with antitumor activity isolated from the Okinawan tunicate 
Pseudodistoma kanako. The limited availability of the natural material has prompted 




Ts = paratoluenesulfonyl 

(184) X = OTf, SbFe, etc. (185) X = Cl, OTf, OTs, etc. 



Figure 1.3 



(186) X = Cl, OTf, OTs, etc. 
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NHBoc 




(188) (189) (190) 




Reagents: ' PhMe, A, 94 h, 14%; “ MsCl, py, 0 °C; 

“ 10% Pd(OH) 2 -C, H 2 , MeOH, rt; TFA, DCM, rt. 
py = Pyridine 

Scheme 1.42 

a number of total syntheses, including the preparation of tetrahydropseudodistomin 
(187) by Naito et al. (Scheme 1.42) (243). The cycloaddition of the known 
tetradecanal-derived nitrone 188 with (+)-Boc-vinylglycinol (189) afforded a 
mixture of four diastereoisomers in 79% combined yield. Isomer 190 was converted 
to the bicyclic structure 191 via ring closure through nitrogen onto the side chain 
after mesylation of the pendant alcohol. This bicycle was subjected to simultaneous 
N-benzyl and N— O hydrogenolysis, followed by amine deprotection with TFA, to 
afford the natural product 187. These workers have also used the cycloaddition of 
allyl alcohols to nitrones to prepare the related piperidinol alkaloids (+)-azimic 
acid and (+)-julifloridine (244). Elsewhere, the formation of a bicyclic system 
similar to 191 was used to prepare polysubstituted 4-hydroxypiperidines (245,246) 
and a-amino ester 192, the A-ring of cylindrospermopsin (247). 

A number of other simple cyclic amine targets with oxygen substitution have 
been prepared using a nitrone cycloaddition strategy to provide both the N- and 
O-functionalities. These include the pyrrolidines darlinine 193 and analogues (248), 
(+)-preussin (194) (249) and the piperidines (— )-allosedamine (195) (250), and the 
related structure 196 (251) as well as analogous P-aminoketones (Fig. 1.4) (252). 

The oxygen atom has also been used to generate other functionalities, such as the 
aldehyde moiety in Kibayashi’s syntheses of (— )-coniine (197) and its enantiomer 
(Scheme 1.43) (253). Here, reaction of tetrahydropyridine N-oxide 93 with a 
silylated chiral allyl ether dipolarophile 198 delivered the adduct 199 with the 
desired bridgehead stereochemistry via the “inside alkoxy effect”. Desilylation and 
hydrogenolytic N— O bond rupture with palladium(II) chloride provided the diol 200 
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Me 



Ph 



(193) 



(194) 




from which the aldehyde function of 201 was formed by periodic acid oxidative 
cleavage. The side chain was lengthened by one carbon atom using a Wittig 
reaction followed by hydrogenation to afford the desired product (— )-coniine (197). 
The same aldehyde intermediate was later used by these workers in the synthesis of 





Reagents: ‘ PhMe, 5, 14 h, 69%; “ 1 M aq BU 4 NF, THF, 45 °C, 1.5 h, 86 %; 

“ H 2 , PdCh, MeOH, 6.5 atm, 37 h, 91%; CbzCl, aq NajCOs, DCM, rt, 16 h, 85%; 

'' HIO 4 , THF, H 2 O, 0 "C, 2 h, 84%; PhjPMeBr, BuLi, THF, then H 2 , Pd-C, MeOH. 



Scheme 1.43 
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(203) 

Figure 1.5 



the macrocyclic polyamine lactam alkaloid (— )-oncinotine ( 202 ) (254). Elsewhere, 
a substituted form of nitrone ( 93 ) was prepared by intramolecular 1,3-azaprotio- 
cyclotransfer (1,3-APT; see Section 1.11.1) and reacted with a diene dipolarophile 
in the synthesis of the tricyclic coccinelline alkaloid e/ti-hippodamine 203 in 
racemic form (Fig. 1.5) (255). 

The utility of the intramolecular cycloaddition reaction lies in its ability to form 
a bicyclic system during the addition and so lead to products of greater complexity 
(19,256). Chiacchio et al. (82) used the intramolecular cycloaddition of a nitrone 
containing an a,P-unsaturated amide in the same molecule to generate pyrrolidi- 
nones or piperidinones after N— O bond hydrogenolysis (Scheme 1.11, Section 1.4). 
While this strategy has been shown to allow access to substituted piperidines (257), 
the preparation of the cyclic amine rather than amide in the intramolecular 
cycloaddition reaction is far more commonplace. LeBel and Whang (258), who 
published the first example of an intramolecular nitrone cycloaddition in 1959, 
more recently reported a racemic total synthesis of the Dendrobatidae alkaloid 
pumiliotoxin C 204 (Scheme 1.44) (259). The desired alkenylnitrone 205 , prepared 
by the condensation of the corresponding A-alkylhydroxylamine and phenylsulfo- 
nyl aldehyde, underwent a thermally induced intramolecular cycloaddition to afford 
exclusively the bridged isoxazolidine adduct 206 (74%). After reductive isoxazo- 
lidine ring opening of the bridged adduct to give piperidine 207 , the authors took 
advantage of the newly generated hydroxyl moiety as a potential leaving group. 
Thus, a carbanion generated a to the sulfone displaced the tosylate to close the 
carbocyclic ring of the target molecule 204 , which was revealed after desulfonation 
with sodium amalgam and N-deprotection. 

In a related strategy, the dihydropiperidine skeleton of the macrocyclic alkaloid 
cannabisativine ( 208 ) (Fig. 1.6), isolated from the leaves and roots of the common 
cannabis plant, was prepared with regio- and stereoselectivity using an intramole- 
cular allylsilane-nitrone cycloaddition reaction as a key step (260). 

It has long been recognized that nitrone cycloadditions may allow access to 
spirocyclic ring systems. Such systems are inherently difficult to synthesize by 
conventional methods, yet are a structural component of a number of biologically 
active natural materials. Two common strategies have emerged for spirocycle 
generation from exocyclic or endocyclic nitrones (Scheme 1.45). In the exocyclic 
version, the carbon atom (arrowed) of the nitrone C=N double bond of dipole 209 
carries a cyclic substitutent and thus an intermolecular cycloaddition reaction will 
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Reagents: ' Zn, 80% aq AcOH, 87%; “ B 0 C 2 O, NaOH, THF, 82%; “ TsCl, 
py, 0 °C, 92%; " jj-BuLi, HMPA, THF, -78 °C to rt, 2 h, 83%; '' Na 2 HP 04 , 
Na/Hg, MeOH, 0 °C; TFA, DCM, 78% (2 steps). 

Scheme 1.44 



add a new C— C bond here to create the desired spiro stereocenter in the adduct 210 
(potentially as a mixture of regioisomers). Alternatively, the spirocycle may be 
formed from the endocyclic nitrone 211, which carries the alkene functionality in 
the substituent on the corresponding carbon atom of the C=N bond in the dipole 
(arrowed). Thus, the conformational preference of the side-chain alkene with 
respect to the nitrone function is crucial to the eventual product, which may be a 
fused spiroisoxazolidine ( 212 ) or the bridged regioisomer ( 213 ). 

An example of the exocyclic strategy is the recent 22-step synthesis hy Snider 
and Lin (261) of (— )-FR901483 214 , a novel immunosuppressant isolated from the 




(208) 

Figure 1.6 
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(211) (212) fused adduct (213) bridged adduct 



Scheme 1.45 

fermentation broth of Cladobottym bacteria (Scheme 1.46). Key steps include 
spirocyclization through the intermolecular cycloaddition of 215 , and synthesis of 
the final ring by intramolecular cyclization of ketoaldehyde enolate 216 by an aldol 
reaction. A chiral hydroxylamine was prepared from (9-methyltyrosine methyl 
ester and condensed with a cyclohexanone derivative to afford the desired dipole 
215 . The spiroisoxazolidine cycloadduct 217 was formed after a 48 h reaction at 
25 °C as an inseparable 6:1 mixture with a second diastereomeric product. 
Hydrogenolytic N— O bond rupture provided a y-aminoester that spontaneously 
condensed to give a mixture of the diastereomeric spirocyclic lactams, of which 218 
was the major product. In the aldol condensation step, the enolate 216 afforded the 
desired tricycle 219 (36%) and the hydroxy epimer (16%) along with a structure 
(5%) derived from generation of the enolate at the alternative position (arrowed). A 
further example of the exocyclic nitrone in synthesis is the work of Funk and 
Daggett (Scheme 1.10, Section 1.4) (78). 

An example of spirocyclization with an endocyclic nitrone is the synthesis of the 
azaspirocyclic core of the piperidine alkaloids halichlorine and pinnaic acid 220 hy 
Lee and Zhao (262) using the tandem 1,3-APT/cycloaddition strategy developed hy 
Grigg et al. (263) (Scheme 1.47). Thus, treatment of the ketone 221 with 
hydroxylamine afforded the unisolated oxime 222, which cyclized spontaneously 
via a 1,3-azaprotio cyclotransfer selectively onto the alkene function of the a,p- 
unsaturated ester. The racemic cyclic alkenyl nitrone 223 underwent an intra- 
molecular 1,3-dipolar cycloaddition with the pendant alkene to afford the 
spirocyclic adduct 224 . Reaction occurred with facial selectivity, through enforced 
alkene addition to the face of the dipole opposite the bulky methyl ester. Similarly, 
the bridged regioisomer was not observed. Having the undesired stereochemistry at 
C(5), tricyclic adduct 224 was first ring opened through N— O bond cleavage then 
converted to the thermodynamically favored C(5) epimer 225 by heating for 24 h in 
1,2-dichlorobenzene, via a proposed retro-Michael intermediate. 
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Scheme 1.47 
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Another synthesis of the pinnaic acid spirocyclic skeleton was recently reported 
using a transannular strategy by White et al. (264) (Scheme 1.48). Hydroxylamine 
226 was generated in situ, by thermolysis of the oxaziridine, and condensed in an 
intramolecular reaction (arrowed) to afford (Zt)-alkenylnitrone ( 227 ) {(EIZ) — A\Y\ 
after careful chromatography. Conformational analysis of dipole 227 suggests that 
this 12-membered lactone is too small for the oxygen to pass through the ring and 
so reaction is directed to a single face of the alkene moiety as drawn. Thermal 
transannular cycloaddition of (E)-221 afforded the polycyclic adduct 228 as a single 
enantiomer, in which the single stereocenter of the dipole stereoselectively gen- 
erates three new centers. Methanolysis in the presence of base, then N— O reductive 
cleavage with samarium iodide afforded the spirocyclic piperidine target 229 . 

Further examples of the endocyclic nitrone route to spirocyclic adducts are the 
total syntheses of (— )-histrionicotoxin ( 230 ) by Holmes and of cylindricines by 
Weinreb. Histrionicotoxin is one of many spiropiperidine alkaloids isolated from 
the poison-arrow frog Dendrobates histrionicus and has been the subject of many 
attempted total syntheses by a nitrone cycloaddition strategy that failed to provide 
the desired regioisomer, possibly through unfavorable steric interactions (265-268). 
Unlike these reports, Holmes and co-workers (101) found that the intermolecular 
reaction of nitrone ( 231 ), prepared by the 1,3-APT of the corresponding alkynyl- 
hydroxylamine carrying Oppolzer’s chiral sultam auxiliary, afforded the styrene 





ii 





Reagents: ‘p-TsOH-HjO, MeOH, H 2 O, A, 70%; “ PhMe, A, 64%; 
“ K 2 CO 3 , MeOH, 88 %; Sml 2 , rt, 64%. 



Scheme 1.48 
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adduct 232 as a single regio- and stereoisomer (85% from the acyclic 
material) (Scheme 1.49). After elimination of the auxiliary and introduction of the 
desired (Z)-a,P-unsaturated nitrile in the side chain, the nitrone function was 
regenerated from the isoxazolidine 232 hy thermolytic cycloreversion (sealed 
tube 190 °C, 80%). A second dipolar cycloaddition, this time with the pendant 
alkenyl nitrile of 233 , afforded the desired spirocyclic ring system in adduct 234 . 
Conversion to the bis(nitrile) allowed parallel installation of the two (Z)-enyne 
functionalities of the target material by reduction to the aldehydes, before 
preparation of the bis(iodoalkenes) with Stork’s iodophosphorane. Sonagashira 
coupling with trimethylsilyl acetylene and desilylation afforded 230 . The 
bis(nitrile) ( 235 ), an advanced intermediate in Holmes’ synthesis, was recently 




(230) 

Reagents: ‘ styrene, 75 °C; “ UAIH 4 , THF, 0 °C; “ NaH, BnBr, THF, 90% (2 steps); 
HF, CH 3 CN, 91%; '' TPAP, NMO, 4 A mol. sieves, 98%; TMSCH 2 CN, n-BuLi; 
HF -78 °C, B(i-OPr) 3 , HMPA, 87%; " PhMe, sealed tube, 190 °C, 3.5 h, 80%. 

Scheme 1.49 
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prepared by Stockman from a symmetrical dialdehyde with a related oxime-alkene 
1,3-APT and nitrone 1,3-dipolar cycloaddition as key steps (269). 

A similar nitrone spirocyclization is at the heart of a recent synthesis by Weinreb 
of the skeleton of the cylindricine marine alkaloids and related lepadiformine 
(Scheme 1.50) (270,271). Attempts at electrophile promoted cyclic nitrone forma- 
tion using Grigg’s methodology (265,266) were unsuccessful, with cyclization 
through oxygen to afford an oxazine. In contrast, conventional nitrone generation 
afforded the desired dipole 240 by intramolecular condensation of the hydroxyla- 
mine function with an adjacent ketone (revealed after acid hydrolysis of the y-acetal 
of 241 ). Cycloaddition under vigorous conditions (195 °C, 63%) gave the desired 
fused isoxazolidine adduct 242 as a single stereoisomer. During similar cycloaddi- 
tions with a related nitrone ( 243 ) lacking the cylindricine alkyl side chain, the 
undesired seven-membered bridged adduct 244 was the major product, formed via a 
chair-like transition state. This result suggests that the fused product 242 was 
formed via an energetically favored boat conformation, as drawn for 240 , in order 
to accommodate the bulky alkyl side chain. After reductive N— O bond breaking, 
the free hydroxyl group was oxidized to the ketone, which underwent a spontaneous 
cyclization through nitrogen onto the conjugated alkene p-carbon (arrowed) to 
form the final ring of the natural product. Removal of the phenyl protecting group 





(244) (bridged) 




Reagents: ‘ 3 M aq HCl, THF, rt, 3.5 h, 92%; “ DMSO, 195 °C, sealed tube, 16 h, 63%; 
PhMe, A, 69% (2:1 bridged adduct 244:fused adduct). 



Scheme 1.50 
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gave 2-ept-cylindricine C (245), which resisted all attempts at C(2) epimerization to 
cyclindricine C. However, successful deoxygenation of this material afforded the 
putative structure of the related alkaloid lepadiformine, although an unfavorable 
NMR spectroscopic comparison with the natural product implies that the proposed 
structure must be refined. Elsewhere, Oppolzer and co-workers (271a) used an 
alkenyl nitrone carrying their bornane-10,2-sultam chiral auxiliary to introduce the 
spirocyclic stereogenic centre of the cylindricine skeleton, although the desired 
adduct (247) was isolated from a mixture slightly favoring the unwanted regioi- 
somer 248 (Scheme 1.51). 

A bis(spirocyclic) ring system is at the heart of the ptilomycalin and related 
crambescidin family of natural pentacyclic guanidine antiviral cytotoxins [e.g., the 
isocrambescidin (249)]. Nagasawa et al. (272) reported a synthesis of a symmetrical 
model system of this complex target having the desired stereochemistry, via a 
pyrrolidine intermediate prepared using two separate dipolar cycloaddition reac- 
tions followed by double spiroacetal formation (Scheme 1.52). Reaction of nitrone 
92 with a terminal silyloxyhexene (250) afforded the bicyclic adduct 251 from 
which the nitrone function 252 was regenerated with concomitant N— O cleavage by 
treatment with meta-chloroperbenzoic acid (m-CPBA). A second addition of the 
silyloxyhexene dipolarophile (this time to 252) and N— O bond hydrogenolysis of 
the cycloadduct afforded the C 2 -symmetric diol 253, which formed the protected 
guanidine system by reaction with bis(Boc-thiourea) and HgCl 2 . Oxidation of the 
pendant hydroxyl moieties afforded the diketone that underwent double N,0- 
spiroacetal formation to yield the model system 254. In related work, a nitrone 
cycloaddition strategy was the key step in the synthesis of 3-hydroxyspermidine — the 
polyamine from which the side-chain amide of the crambescidins is formed (273). 

The guanidine group is a common structural feature in Nature, primarily due to 
its ability to stabilize the three-dimensional structure of proteins in enzymes 
through binding with anionic substrates. Roush and Walts (274) prepared the 






Scheme 1.51 
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(254) 
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Scheme 1.52 



antitumor antibiotic (— )-ptilocaulin (255) by the intramolecular cycloaddition of an 
enantiomerically pure cyclohexenyl nitrone (Scheme 1.53). The aldehyde 256 was 
condensed with Ai-benzylhydroxylamine to form the dipole 257, which underwent 
spontaneous intramolecular reaction with the cyclohexene to form the required 
tricyclic adduct 258. After cleavage of the N— O bond with Zn/AcOH, the hydroxyl 
moiety was oxidized to the ketone 259 with Jones’ reagent although with some 
epimerization at C(8b). After separation of the unwanted isomers, A-debenzylation 
afforded the amino ketone required to form the guanidine functionality. While this 
afforded a mixture of isomeric products, equilibration to the thermodynamically 
favored natural product 255 was achieved by extended reflux in benzene. 
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(255) (259) 



Reagents: ‘ BnNHOH, CeH^, 80 °C, 8 h, 80%; “ Zn, AcOH, 55 °C, 3.5 h, 95%; 

“ Jones' reagent, AcOH, aq HCl, 0 °C, 95%; Pd black, 10% HCOzH/MeOH, 23 °C, 

1.5 h, 95%; l-guanyl-3,5-dimethylpyrazole nitrate, 150 °C, 6 h, 58%. 

Scheme 1.53 

The double cycloaddition strategy used by Nagasawa has previously been 
applied to the synthesis of other cyclic amines, including racemic andrachamine 
260 (Scheme 1.54) (275,276). Carruthers et al. (277) found that the oxidative ring 
opening of bicyclic isoxazolidinyl cycloadduct 261 with m-CPBA afforded a 2:5 
mixture of the desired aldonitrone 262 with the isomeric ketonitrone (2:5). 
However, only the more reactive aldonitrone took part in a subsequent cycloaddi- 
tion reaction with but-l-ene at 1 10 °C (sealed tube), to afford the isoxazolidine 263 , 
which gave the diol natural product 260 after reductive cleavage of the N— O 
bond with Zn/AcOH. In related work, these researchers produced in racemic form 
the 17-membered cyclophane alkaloid ( 264 ) (the C(3), C(ll) epimer of lythrani- 
dine) by consecutive cycloaddition of alkenes carrying a terminal phenyl group, 
completing the macrocyclization via nickel-mediated aryl-aryl coupling of the aryl 
iodides (277). A similar double-cycloaddition-double oxidative cleavage strategy 
was employed in the synthesis of 2,5-disubstituted pyrrolidines (278). A related 
strategy was employed in the synthesis of the antimalarial alkaloids (4- )-febrifugine 
and (-l-)-isofebrifugine (279). 

An impressive enantiopure synthesis of Amaryllidaceae alkaloids has been 
achieved through the formation of sugar-derived homochiral alkenyl nitrone 265 
(Fig. 1.7). [280] While this reagent required lengthy preparation, it underwent an 
intramolecular dipolar cycloaddition to establish the required stereochemistry of the 
polycyclic pyrrolidine skeleton of (— )-haemanthidine ( 266 ), which was converted 
to (-l-)-pretazettine and (-f)-tazettine by established procedures (281). 
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Reagents: ' m-CPBA, 0 °C 10 min; “ CHCI 3 , sealed tube, 110 °C, 18 h; 

Zn, ethylenediaminetetraacetic acid (EDTA), EtOH, AcOH, A, 45 min, 91%. 

Scheme 1.54 




1.11. ISOXAZOLIDINES 



Many of the recent publications on nitrone cycloadditions have focused on the 
cycloaddition process itself and on the identification of the character of the reagents 
involved rather than with a specihc synthetic target and thus, this section is 
potentially vast. To bring order to this wealth of information, we have identified 
a nnmber of important gronps of papers and will present them accordingly. We shall 
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begin with two cascade processes. While these are ostensibly nitrone-formation 
reactions and therefore outside the scope of this article, they are included for their 
use of novel and facile in situ nitrone generation/cycloaddition protocols of general 
synthetic interest. The first deals mainly with the transformation that affords 
nitrones or amine Woxides from carbon-carbon multiple bonds and oximes or 
hydroxylamines (Section 1.11.1). Next, we shall consider the use of the oxime- 
nitrone (Section 1.11.2) equilihrium for intramolecular cycloadditions in the syn- 
thetic literature. Finally, we shall outline the highlights of synthetic reports using 
intra- (Section 1.11.3) and intermolecular (Section 1.11.4) nitrone cycloadditions. 
Isoxazolidine formation has been reviewed (33,282,283). 

1.11.1. Nitrones by the 1,3-APT Process 

In 1967, Ochiai et al. (284) described the reaction of oximes with 2 equiv of an 
alkene to afford isoxazolidines (Scheme 1.55). The first equivalent acts as a 
Michael acceptor, alkylating the nitrogen of oxime 267 to afford the intermediate 
nitrone 268, for subsequent reaction with a second alkene that then behaves as a 
dipolarophile (to give adduct 269) (285-287). This process forms part of a family of 
reactions in which N— O— H adds across a C— C multiple bond, augmented by the 
discovery by House et al. in 1976 (288,289) of the addition of hydroxylamines to 
alkenes to generate N-oxides (the retro-Cope elimination or ‘EPOC’ — from ‘Cope’ 
in reverse) (290-294). The family now includes the reaction of oximes with alkenes 
(263,285,286,295-297), allenes (298-301) and alkynes (302,303) and of hydroxy- 
lamines with alkenes (288-292,304) or alkynes (305-309). The initially proposed 
radical mechanism has been discounted (309) in favor of a concerted ene-like 
process: Grigg has proposed a common mechanism for the first step, describing it as 
a 1,3-azaprotiocyclotransfer (1,3-APT) for the reaction of oximes with alkenes, a 
terminology we shall adopt. 




Scheme 1.55 
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Scheme 1.56 



Grigg and co-workers (310) recently examined the 1,3-APT reaction of various 
aldoximes (270) (R or R' = H) with divinyl ketone (Scheme 1.56). While ketoximes 
270 (R' = R) form a mixture of adducts, 271 and 272 via nitrone 273, the aldoximes 
selectively afford 272 (as a mixture of endo and exo diastereoisomers). Under the 
thermal reaction conditions, the oxime starting materials can undergo (fs/Z) 
isomerization, while the nitrone intermediate was expected to be unaffected and 
the isolated cycloadducts showed no interconversion via cycloreversion. Thus, the 
increasing selectivity for endo-212 [via (£)-273, R = H] over exo-212 [via (Z)-273, 
R' = H] with the increasing size of the aldoxime substituent was attributed 
primarily to the inhibition of oxime isomerization by steric clash between R or 
R' and the oxime OH. In contrast, Lewis acid catalysis, in particular by hafnium 
(iv) chloride, of the cycloaddition of various aldoximes with this dipolarophile gave 
exo-21\ exclusively (216). 

For the alkynylhydroxylamines 274 studied by Holmes (309,311), initial 
intramolecular 1,3-azaprotiocyclotransfer affords the N-oxides 275 via a 5- or a 
6-exo-dig process [Baldwin’s terminology (312)], which then tautomerize to the 
cyclic nitrones (276) (Scheme 1.57). The 1-exo-dig cyclization required for the 
formation of a seven-membered nitrone (277) by this approach from 278 was 
found to be disfavored with respect to the alternative reaction of hydroxylamine and 
alkene {5-exo-trig process) to afford a mixture of the alkynylpyrrolidines 279 





Scheme 1.57 
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(279) cis 

(280) trans 




Scheme 1.58 



and 280 (Scheme 1.58). However, the seven-membered alkenyl nitrone 277 was 
formed, along with tricyclic adduct 281 , by prolonged heating of the trans-N- 
hydroxypyrrolidine 280 (Scheme 1.59). In the proposed mechanism, an initial 1,3- 
APT of hydroxylamine and alkyne functions in 280 affords N-oxide 282 and is 
followed by a Cope elimination (294) to the intermediate hydroxyazepine 283 . 
Tautomerization and desilylation yields the cyclic alkenyl nitrone 277 and the 
subsequent intramolecular cycloaddition reaction affords the tricycle 281 . This 
mechanism is supported by a parallel experiment with the cis-pyrrolidine 279 , 
which cannot undergo a Cope elimination through the anti-disposition of N-oxide 
and the methyl protons required for reaction. A seven-membered nitrone generated 
in this way was used to disprove the proposed structure of ( ± )-acacialactam ( 284 ) 




Scheme 1.59 
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by a noncycloaddition strategy (308,309). A seven-membered nitrone was prepared 
in a related reaction by Gallagher and co-workers (301), by the Ag^ electrophile- 
mediated cyclization of oxime functionality onto an allene moiety (Scheme 1.64, 
Section 1.11.1). 

Elsewhere, Heaney et al. (313-315) found that alkenyloximes (e.g., 285 ), may 
react in a number of ways including formation of cyclic nitrones by the 1,3- APT 
reaction (Scheme 1.60). The benzodiazepinone nitrones ( 286 ) formed by the 
intramolecular 1,3-APT will undergo an intermolecular dipolar cycloaddition 
reaction with an external dipolarophile to afford hve,seven,six-membered tricyclic 
adducts ( 287 ). Alternatively, the oximes may equilibrate to the corresponding N— H 
nitrones ( 288 ) and undergo intramolecular cycloaddition with the alkenyl function 
to afford hve,six,six-membered tricyclic isoxazolidine adducts ( 289 , R = H; see 
also Section 1.11.2). In the presence of an electron-dehcient alkene such as methyl 
vinyl ketone, the nitrogen of oxime 285 may be alkylated via the acyclic version of 
the 1,3-APT reaction and thus afford the N-alkylated nitrone 290 and the 
corresponding adduct 291 . In more recent work, they prepared the related 
pyrimidodiazepine N-oxides hy oxime-alkene cyclization for subsequent cycload- 
dition reactions (316). Related nitrones have been prepared by a number of workers 
by the more familiar route of condensation with alkylhydroxylamines (Scheme 1.67, 
Section 1.11.3). 




(288) R = H 

(290) R = CH2CH2COMe 



Scheme 1.60 



(289) R = H 

(291) R = CH2CH2COMe 
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While many researchers have used the 1,3-APT process to generate cyclic 
nitrones, it is clear that the operating reaction pathway in the oxime to isoxazolidine 
conversion may not always be predicted. In the work of Aurich and co-workers 
(317,318), the polycyclic isoxazolidine 292 was isolated as the major product 
from thermolysis of oxime 293 and may have been formed via two separate 
reaction paths (Scheme 1.61). In the proven route, initial 1,3-APT of 293 formed a 
1,4-oxazine nitrone ( 294 ), which acted as the acceptor for the second 1,3-APT 
with the remaining oxime function. The cyclic nitrone 295 so formed underwent a 
1,3-dipolar cycloaddition with the allyl ether forming the isolated polycyclic 
isoxazolidine adduct 292 . 

The electrophile-induced cyclization of heteroatom nucleophiles onto an adja- 
cent alkene function is a common strategy in heterocycle synthesis (319,320) and 
has been extended to electrophile-assisted nitrone generation (Scheme 1.62). The 
formation of a cyclic cationic species 296 from the reaction of an electrophile (E^), 
such as a halogen, with an alkene is well known and can be used to N-alkylate an 
oxime and so generate a nitrone ( 297 ). Thus, electrophile-promoted oxime-alkene 
reactions can occur at room temperature rather than under thermolysis as is 
common with 1,3-APT reactions. The induction of the addition of oximes to 
alkenes has been performed in an intramolecular sense with Wbromosuccinimide 
(NBS) (321-323), A-iodosuccinimide (NIS) (321), h (321,322), and ICl (321) for 
subsequent cycloaddition reactions of the cyclic nitrones with alkenes and alkynes. 

More recently, cyclizations have been performed via cyclic selenides (265,324- 
327) and by ring opening of epoxides (328,329). Similar cyclizations have been 
achieved using alkenes complexed to Hg(II) (265) or Pd(II) salts (267,330) which. 
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in the case of 0-allyl oximes, effected the known [2,3]-sigmatropic rearrangement 
for inter- and intramolecular trapping with dipolarophiles (331). 

The electrophile-mediated formation of cyclic nitrones is neither restricted to the 
reaction of oximes with alkenes, nor to the electrophiles listed above. Gallagher and 
co-workers (298-301) demonstrated the utility of allenes as the acceptor in Ag(I)- 
catalyzed cyclization reactions in the preparation of five- and six-membered 
nitrones from the corresponding oximes (Scheme 1.63). However, the ambident 
nucleophilicity of oximes hinders many reactions of this type: cyclization through 
N affords the cyclic nitrones, while nucleophilic cyclization through O affords 
isomeric oxazines. The product mixture in this case was found to depend heavily 
on the oxime geometry and the number of atoms separating the oxime and 
allene functions. Oximes (£)-298 and {E)-299 afforded the desired five- and six- 
membered nitrones 300 and 301, respectively on treatment with AgBp 4 (300). 
Similar treatment of (Z)-298 gave the oxazine 302, while (Z)-299 slowly equili- 
brated to the (£)-isomer and was otherwise inert. Dipolar cycloaddition reactions 
were observed between the C-unsubstituted nitrones 300 or 301 and alkenes to give 
adducts 303, although the analogous C-methyl nitrones were unreactive toward 
such dipolarophiles. 

A related oxime 304 was prepared for the total synthesis of 305, an unusual 
pyrrolizidine alkaloid isolated from the venom of a variety of thief ant 




£-(298) n = 1 
£-(299) n = 2 



(300) n = 1 

(301) n = 2 



Scheme 1.63 



(303) 



(302) 
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Reagents: ' AgBp 4 , DCM, 3 h; “ MeC0CH=CH2, THF, 15 h, 48% [from (£)-304]; 

“ H 2 , PdCl 2 , EtOH, 18 h, 76%; ^ Jones reagent, Me2C=0, 1.5 h 
then HSCH 2 CH 2 SH, BF 3 -OEt 2 , DCM, 2.5 h, 48%; '' Raney-Ni, EtOH, 40 min, 61%. 

Scheme 1.64 



(Scheme 1.64). The Ag(I)-mediated cyclization afforded dipole 306 for 1,3-dipolar 
cycloaddition with methyl vinyl ketone to yield adducts 307 and the C(2) epimer as 
a 1:1 mixture (48%). Hydrogenolytic N— O cleavage and simultaneous intramole- 
cular reductive amination of the pendant ketone of the former dipolarophile 
afforded a mixture of alcohol 308 and the C(6) epimer. Oxidation to a single 
ketone was followed by carbonyl removal by conversion to the dithiolane and 
desulfurization with Raney nickel to afford the target compound 305 (299). By this 
methodology, a seven-membered nitrone (309) was prepared for a dipolar cycload- 
dition reaction with A^-methyl maleimide or styrene (301). 

1.11.2. Intramolecular Oxime-Alkene Cycloaddition 

Ochiai’s landmark paper of 1967, which outlined the basis of the 1,3-APT 
(Section 1.11.1), also described the reaction of formaldoxime with alkenes and 
alkynes (284). The oxime 310, behaving as a 1,3-dipole, afforded isoxazolidine 
cycloadducts 311 through a thermally driven equilibrium (heavily favoring the 
oxime) in which a proton is transferred from O to N (1,2-prototropy) to afford 
nitrone 312 (Scheme 1.65). 

The intramolecular oxime-alkene cycloaddition (lOAC) proceeds via N— H 
nitrones, in contrast to most other nitrone syntheses, which afford N-alkylated 
1,3-dipoles. This process was used by Wildman and co-worker (332) in the 
synthesis of 6-hydroxybuphanidine and 6-hydroxypowelline, and since then by 





many researchers. The 10 AC was recently used in the work of Moutel and Shipman 
who prepared a single, enantiomerically pure bicyclic adduct (313) by thermolysis 
of the D-glucose-derived oxime 314. They found less selectivity with other 
carbohydrate-derived alkenyl oximes (Scheme 1.66) (333,334). This adduct yielded 
the target aminocyclopentitol 315 after benzoyl ester cleavage and palladium- 
catalyzed N— O bond hydrogenolysis. As well as such carbocycles (268), the lOAC 
has been used to prepare related bicyclic isoxazolidines fused to pyrrolidines (335), 
piperidines (336,337), and THFs (317,318,338). Such heterocyclic ring systems 
have also been prepared by the intramolecular cycloaddition reaction of conven- 
tionally formed alkenyl nitrones (Scheme 1.69, Section 1.11.3). In a recent report, 
Cheng and co-workers described the microwave-assisted intramolecular oxime- 
alkene cycloaddition reaction of alkenyl oximes adsorbed onto the surface of silica 
gel in solvent free conditions (339). 

1.11.3. Intramolecular Nitrone-Alkene Cycloadditions 

The in situ formation of nitrones from oximes by 1,3-APT or 1,2-prototropy is 
clearly a powerful synthetic strategy but conventional nitrone generation, in 
particular hydroxylamine-carbonyl condensation, has been applied to numerous 
syntheses, in intra- and intermolecular mode (258). Accordingly, the ring systems 
similar to those synthesized using 1,3-APT/intramolecular nitrone-alkene cycload- 
dition (INAC) methodology by Heaney (313-315) (see Section 1.11.2) or 
Padwa and Norman (340) have been made using conventionally prepared nitrones 
(Scheme 1.67). As with the previous examples, once formed, the nitrones are 
suitably placed for a spontaneous intramolecular cycloaddition reaction with the 




(314) (313) (315) 



Reagents: ‘ PhMe, 1 10 °C, 15 h, 60%; “ NaOMe, MeOH, rt 60%; “ 10% Pd-C, Hj, MeOH, 91%. 



Scheme 1.66 
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Scheme 1.67 



adjacent alkene. In this way, it has been possible to prepare benzopyranoisoxazole 
adducts 316 from the corresponding alkenyl nitrones 317 (305,341-343) [based on 
the original work of Oppolzer and co-workers (344,345)] as well as related 
pyrrolyl-piperidines (318a), pyrrolyl-thiopyrans (318b) (346), and the tetracyclo- 
pyrans (319) (347). Benzopyranyl nitrones were prepared for reaction with 
electron-rich or electron-deficient alkenes to afford the expected isoxazolidinyl 
adducts (e.g., 320 with an enol ether) (348,349). In their reaction with allenic esters, 
however, the initially formed cycloadducts undergo a series of spontaneous 
intramolecular transformations to afford functionalized benzoindolizidines (350). 
Related polycyclic ring systems based on P-lactams have been reported recently by 
Alcaide and co-workers (68,69) (Scheme 1.8, Section 1.4). In a similar report, a 
trifluoromethyl alkenyl nitrone moiety underwent an intramolecular cycloaddition 
to afford tricyclic adducts (351). 

Saito et al. (351a) reported the previously unprecedented formation of a 4,5-fused 
bicyclic isoxazolidine by an intramolecular cycloaddition reaction (Scheme 1.68). 
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Scheme 1.68 
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(326) X = O, N, S, OSi 



Scheme 1.69 



The alkenyl nitrone 321 can conceivably undergo two different cycloaddition 
modes to afford either the bridged bicyclo [2.2.1] adduct 322 or the fused 
bicyclo[3.2.0] adduct 323 . Three examples of fused adducts were reported, each 
formed with total diastereoselectivity, and on reductive cleavage of the isoxazoli- 
dine N— O bond (with concomitant N-debenzylation) they afforded the correspond- 
ing polysubstituted cyclobutylamines. 

Cyclopentyl isoxazolidine cycloadduct 324 was prepared by intramolecular 
nitrone cycloaddition by Baldwin et al. (280,281,352,353) as part of studies toward 
a total synthesis of pretazettine (Scheme 1.69). Related adducts have been prepared 
elsewhere (354-356) including fluorine-substituted carbocycles (357) and the 
adducts prepared by lOAC by Shipman and co-workers (333,334) who demon- 
strated their potential as a route to aminocyclopentitols (Scheme 1.66, Section 
1.1 1.2). Such bicyclic structures have been prepared in rather unique intermolecular 
fashion by Chandrasekhar and co-workers (357a) from the cycloaddition of C,A- 
diphenyl nitrone to fulvene ( 325 ). 

However, this intramolecular cycloaddition methodology has found more wide- 
spread use in the preparation of cis-fused heterobicyclic rather than carbobicyclic 
products, by insertion of a heteroatom into the hydrocarbon tail of the alkenyl 
nitrone. Particular attention has been given to the synthesis of THF adducts ( 326 , 
X = 0) (202,317,354,358-365), and to a lesser extent the N (82,361,366-368) 
S (202,203,369), or silyloxy analogues (54,55,370). Aurich and Biesemeier (359) 
prepared ether dipoles ( 327 ), which slowly cyclized at ambient temperature to 
afford the cis-fused bicyclic adducts 328 (Scheme 1.70). Reductive cleavage of the 




Reagents: ' 0-5 °C, 2 h then rt 5 days; “ Zn, AcOH, or Ra-Ni, EtOH, or H 2 , Pd(OH) 2 -C, 
EtOH, 60 °C, 90 bar, 1 days, or H 2 , Pd(OH) 2 -C, EtOH, Me 2 CO, 60 °C, 100 bar, 4 days. 



Scheme 1.70 
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isoxazolidines afforded polysubstituted chiral THFs 329 for use as ligands in the 
enantioselective addition of diethylzinc to aldehydes. 

In further work, Aurich and Mobus (367) used a lithium enolate reagent (330), 
generated from the corresponding ketone, in related intramolecular cycloadditions 
(Scheme 1.71). Replacement of the simple acyclic alkene chain terminus with 
cyclohexene gave reagent 331, which generated a mixture of diastereomeric cis- 
fused tricyclic products 332a and 332b in its intramolecular cycloaddition reaction 
(360). By a similar strategy, Peseke and co-workers (371) synthesized novel 
carbasugar derivatives as potential glycosidase inhibitors using a cyclohexenyl 
nitrone ultimately derived from D-glucose. 

The intermolecular cycloaddition route to spirocyclopropyl isoxazolidines and 
their subsequent rearrangement, used so widely by Brandi and co-workers (372- 
375) (Schemes 1.16 and 1.17, Section 1.5), has also been achieved in an 
intramolecular sense (Scheme 1.72). Cycloaddition of the alkenyl nitrone reagents 
(333a-c) afforded bicyclic isoxazolidinyl adducts 334, which rearranged under 
thermolysis in analogous fashion to the earlier work to give piperidinones (335) via 
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homolytic cleavage of the isoxazolidine N— O bond and concomitant spirocycle 
ring opening. 

The pyrinodemins are unusual and potent cytotoxic isoxazolidine alkaloids 
isolated from a marine sponge. Snider and Shi (376) prepared the nitrone 336 by 
the condensation of aldehyde 337 and hydroxylamine 338, which underwent an 
intramolecular cycloaddition reaction to afford the adduct 339a (Scheme 1.73). By 
a similar scheme, they also prepared the proposed structure of the natural product 
339b [C(16')/C(17') cis alkene] and, from comparison of spectroscopic data, they 
suggest the revised structure 339a for pyrinodemin A (376). The position of the 
double bond was originally tentatively assigned by mass spectrometry (377). 
Baldwin et al. (378) prepared 339a and 339b. They argue that neither represents 
the true structure of the natural product. Elsewhere, intramolecular nitrone 
cycloaddition reactions have been used to prepare prostaglandins (379,380), the 
active forms of vitamins D 2 and D 3 (381-383) and steroid-derived isoxazolidines 
(302,384). 

1.11.4. Isoxazolidines from Intermolecular Nitrone Cycloaddition Reactions 

A number of unusual nitrones have been reported from which novel isoxazo- 
lidine cycloadducts were prepared. These include the adamantyl dipoles 340, 




(339a) Pyrinodemin A (revised structure) 

(339b) C-167C-17' cis alkene; C(15')/C(16') saturated 



Scheme 1.73 
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(340) (341) 

Scheme 1.74 



formed by the reaction of adamantan-2-one with alkylhydroxylamines, which react 
with alkene dipolarophiles to afford the spirocyclic adducts 341 (Scheme 1.74) 
(385,386). Reinhoudt and co-workers (387) prepared facially differentiated azeti- 
dine nitrones ( 342 ), from the [4 + 2] cycloadducts ( 343 ) of nitroalkenes and 
alkynamines, which spontaneously undergo a [l,3]-sigmatropic rearrangement to 
afford the isolated racemic mixture of nitrone 342 and the (25,35)-enantiomer 
(Scheme 1.75). Subsequent dipolar cycloaddition reaction with alkene and alkyne 
dipolarophiles proceeded with complete regio- and stereoselectivity (388). Related 
achiral nitrones were prepared by oxidation of the corresponding A^-hydroxyazeti- 
dines with Pb(IV) oxide (389). Tufariello et al. reported the synthesis of highly 
strained three, five- and four,five-membered bicyclic nitrones ( 344 , Scheme 1.76) 
(390). Reaction with a range of aromatic and aliphatic monosubstituted 
alkenes afforded tricyclic 5-substituted isoxazolidine cycloadducts ( 345 ) with high 
regio- and stereoselectivities. Katritzky et al. (391) have used Af-bis(benzotriazol-l- 
ylmethyl)hydroxylamine ( 346 ) as a nitrone synthon, revealing the dipole 347 by 
thermolysis in toluene in the presence of a dipolarophile to afford the N- 
(benzotriazolylmethyl)isoxazolidine adducts ( 348 , Scheme 1.77). 




Scheme 1.75 
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(344) n = 0, 1 




Scheme 1.76 



As part of an extensive study of the 1,3-dipolar cycloadditions of cyclic nitrones, 
Ali et al. (392-397) found that the reaction of the 1,4-oxazine 349 with various 
dipolarophiles afforded the expected isoxazolidinyloxazine adducts (Scheme 1.78) 
(398). In line with earlier results (399,400), oxidation of styrene-derived adduct 350 
with m-CPBA facilitated N— O cleavage and further oxidation as above to afford a 
mixture of three compounds, an inseparable mixture of ketonitrone 351 and 
bicyclic hydroxylamine 352 , along with aldonitrone 353 with a solvent-dependent 
ratio (401). These workers have prepared the analogous nitrones based on the 1,3- 
oxazine ring by oxidative cleavage of isoxazolidines to afford the hydroxylamine 
followed by a second oxidation with benzoquinone or Hg(II) oxide (402^04). 
These dipoles, along with a more recently reported pyrazine nitrone (405), were all 
used in successful cycloaddition reactions with alkenes. Elsewhere, the synthesis 
and cycloaddition reactions of related pyrazine-3-one nitrone 354 (406,407) or a 
benzoxazine-3-one dipolarophile 355 (408) have been reported. These workers 
have also reported the use of isoxazoles with an exocyclic alkene in the preparation 
of spiro[isoxazolidine-5,4'-isoxazolines] (409). 

The oxidative cleavage of isoxazolidines has been taken to a third generation by 
Ali and Wazeer (278,400) in which, from their initial nitrone, the cycloaddition 
then oxidation are each performed twice to generate a third, highly substituted 
nitrone. Later, de March et al. (410) took this scheme to a third cycloaddition 




Scheme 1.77 
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(349) 




Ri 



(350) 





(351) Ri = H; 

Rj = CH2CH(OH)Ph 



(353) Ri = H; 

Rz = CH2CH(OH)Ph 




(Scheme 1.79). Here, the reaction of nitrone 92 with 2-(57/)-furanone ( 356 ) 
afforded the adduct 357 , which when treated with m-CPBA in dichlorome thane, 
gave the aldonitrone 358 as a single diastereoisomer (70%). Adduct 359 was 
isolated from a second cycloaddition reaction with the lactone dipolarophile (62%) 
along with a small amount of the product of dehydration across the lactone C(3') to 
C(4') bond (12%). A further oxidative regeneration of the nitrone for a third 
cycloaddition, this time with dimethyl acetylenedicarboxylate (DMAD), afforded a 
single diastereoisomer of 360 (34%) in which the second lactone has been 
dehydrated [C(3") to C(4")]. Earlier, pioneering use of this cycloaddition- 
oxidative cleavage strategy in synthesis includes the preparation by Tufariello and 
Puglis (41 1) of 2, 5-dialky Ipyrrolidines found in the venom of Solenopsis ant species 
and the potent marine algal toxin anatoxin A (or Very Fast Death Factor) (412). 

A number of workers have described the synthesis and cycloaddition reactions 
of oxazoline nitrone dipoles, (e.g., 361 and 362, Scheme 1.80) (413-417). A 
homochiral oxazoline nitrone derived from camphor has been used to great effect 
by Fanglois and co-workers (418,419), from which they have prepared a number of 
natural targets through enantioselective cycloaddition reactions, including the 
antiviral carbocyclic nucleoside analogue (-l-)-carbovir (48) (Fig. 1.1, Section 1.3). 

Similarly, variously substituted 3-imidazoline nitrone reagents and the related 
nitroxides (363 R' = O ) are popular targets and have demonstrated their reactivity 
toward various dipolarophiles, (e.g., styrene. Scheme 1.80) (420^31). However, 
only one group reports the use of a 2-imidazoline nitrone (432^34), which has 
demonstrated complete diastereofacial selectivity in its reactions with electron- 
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(360) (359) 

Scheme 1.79 



deficient alkene dipolarophiles (Scheme 1.81) (434). The upper face of the dipole 
364 is effectively blocked by the bulk of the phenyl moiety, enforcing reaction with 
the dipolarophiles exclusively at the lower face. In this way, the imidazo[l,2- 
hjisoxazolidine adduct (365), was formed as a single diastereoisomer from 
cycloaddition of 364 and dimethyl maleate. Subsequent N— O bond hydrogenolytic 
rupture and spontaneous recyclization yielded the related lactam 366. Reaction of 
nitrone 364 with alkynes under identical conditions afforded the enediamines (e.g., 
methyl propiolate adduct 367), via rearrangement of the initially formed isoxazo- 
line cycloadduct 368 (432). 

The utility of solid-phase synthesis for rapid generation of libraries of small 
molecules is unquestionable and this technique is particularly amenable to auto- 
mation. It is not surprising then that the 1,3-dipolar cycloaddition reactions of 
nitrones have been applied to solid-phase synthesis, either through a supported 




(361) R = Me, Et, Ph (362) R = Me, Pr (363) 



Scheme 1.80 
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(366) 




(367) 



Scheme 1.81 



dipole or dipolarophile. In fact, the dipolar cycloaddition may be considered the 
reaction of three components — initial nitrone generation through the combination 
of an aldehyde and hydroxylamine, which then reacts with the alkene dipolarophile. 
All three components have been polymer-bound in an elegant recent report by Jung 
and co-workers (435), in which they found most success in the combination of 
hydroxylamines supported on Rink amide resin with aldehydes to generate the 
dipoles followed by addition of the alkene dipolarophiles (Scheme 1.82). Thus, 
Rink resin 369 was first coupled to a-fluorenylmethyloxycarboxyl (Fmoc)-L- 
alanine, the N-protection cleaved with piperidine, then the amino group coupled 
to a-bromoacetic acid to afford the bromoamide functionalized resin 370 . Rapid 
nucleophilic substitution of the bromide by the hydroxylamine afforded bound 
hydroxylamine 371 for condensation with 2,4-dimethylbenzaldehyde in toluene at 
80 °C. The polymer- supported nitrone 372 was then trapped by addition of a 
toluene solution of iV-methylmaleimide ( 373 ) and further heating (5-18 h). After 
intensive washing and drying, the cycloadducts were cleaved from the resin with 
TFA and through the use of the chiral alanine linker, the diastereomeric adducts 
separated by high performance liquid chromatography (HPLC) for electrospray MS 
analysis. It was determined that the cycloaddition of nitrone 372 with dipolarophile 
373 forms all four expected isomers of 374 , along with a trace of an azomethine 
ylide-derived adduct 375 from incomplete coupling of the bromoacetic acid. A number 
of different aldehydes, bromoacids, and dipolarophiles were used successfully in 
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Reagents: ' Fmoc-L-alanine; “ piperidine, DMF; BrCFl2C02H, diisopropylcarbodiimide; 
" NH20H-HC1; ’ PhMe, A,2,4-Me2-C6H4CHO; " PhMe, A; TFA. 



Scheme 1.82 



this study, demonstrating impressive flexibility. Other bound nitrones were used for 
an illustrative “split and mix” synthesis of a small model library of nine isoxazolidines 
by reaction of five bound dipoles with phenyl vinylsulfone or Af-methylmaleimide. 

Schreiber and co-workers (436) prepared a library calculated to contain 2.18 
million polycyclic compounds through the 1,3-dipolar cycloaddition of a number of 
nitrones with alkenes supported on TentaGel S NH 2 resin (Scheme 1.83). (— )- 
Shikimic acid was converted into the polymer bound epoxycyclohexenol carboxylic 
acid 376 (or its enantiomer), coupled to the resin via a photolabile linker developed 
by Geysen and co-workers (437) to allow release of the products from the resin in 
the presence of live cells by ultraviolet (UV)-irradiation. A range of iodoaromatic 
nitrones ( 377 ) was then reacted with the a,(3-unsaturation of the polymer-bound 
amide in the presence of an organotin catalyst, using the tandem esterification/ 
dipolar cycloaddition methodology developed by Tamura et al. (84,85) Simulta- 
neous cyclization by PyBrop-mediated condensation of the acid with the alcohol 
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HO 




Geysen photolabile linker 
Ar = 0-NO2-PI1 



Scheme 1.83 



functionality afforded the tetracyclic adducts 378 with complete regio- and 
stereoselectivity. This template was designed to provide multiple routes to further 
elaboration including N— O bond cleavage, nucleophilic addition to the lactone or 
the epoxide and Stille or Suzuki coupling to the iodobenzene moiety as well as 
multiple electrophilic additions. 

Elsewhere, Faita et al. (438) bound the Evans chiral auxiliary to Wang or 
Merrifield resin for use as a dipolarophile in cycloadditions with C,Wdiphenyl- 
nitrone. Yields on both resins are significantly reduced in comparison to the 
solution phase reaction (43-20% compared to 95%) but are unaffected by addition 
of magnesium perchlorate or scandium triflate catalyst. A one-pot process has been 
reported by Hlnzen and Ley (439) that oxidizes secondary hydroxylamines to the 
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corresponding nitrones with polymer-supported perruthenate for in situ condensa- 
tion with alkene dipolarophiles. 

As part of a study of the synthesis of polymeric nitrones, Heineberg and co- 
workers (440) reported the synthesis of oligomeric isoxazolidines (Fig. 1.8). The 
nitrone 379 does not undergo the desired homopolymerization under typical free 
radical polymerization conditions [70 °C, DMF, azobis(isobutyronitrile) (AIBN)], 
preferring a 1,3-dipolar cycloaddition reaction. The isolated oligomeric products (in 
near quantitative yields) are the dimer, trimer, and tetramer 380 (n = 1-3). Similarly, 
reaction in the presence of methyl methacrylate produces analogous materials in 
which only the terminal nitrone functionality has reacted with the acrylate, 
indicating a strong preference for curiously limited self-condensation. Other 
unusual nitrone cycloaddition reactions include the high regio- and stereoselectiv- 
ities found through the use of smectic-type liquid crystals as the reaction media 
(441) and rate enhancement using ultrasound (442) or ionic dipolarophiles (443). 

Ramamoorthy et al. (444) found that a-phenyl-A-(4-methylphenyl)nitrone can 
be the guest molecule in inclusion complexes with a P-cyclodextrin host in 1 : 1 and 
1:2 ratios (guest/host), and that the latter undergoes a 1,3-dipolar cycloaddition 
reaction with electron-deficient alkenes. In more recent work, they have formed 1 : 1 
inclusion complexes of the bowl-shaped P-cyclodextrin 383 with P-nitrostyrene 381 
or 1-nitrocyclohexene 382 , which leave the alkene moiety exposed (Fig. 1.9) (445). 
Complexes 381 and 382 undergo cycloaddition reaction with a-phenyl-A-(4- 
methylphenyl)nitrone in the solid state after thorough homogenization (60 °C, 
3 h) to give the 4-substituted products exclusively in 80 and 85% yield, respectively. 

With ever more powerful technology becoming available, computer-based 
molecular modeling of complex chemical reactions is now commonplace. But 
while the Diels-Alder reaction has received a great deal of theoretical attention, the 
dipolar cycloaddition reactions of nitrones were until very recently relatively 





unexplored. Many workers have now compiled data on the theoretical distribution 
of products from a chosen nitrone cycloaddition reaction, often presented in parallel 
with the experimental results. Such studies include the reaction of nitrones with 
alkenes (446), acrylonitrile derivatives (447), cyclobutadienes (448,449), allyl 
ethers (450), vinyl ethers and vinyl acetates (152), vinyl boranes (451), alkynyl 
Fischer carbene complexes (452,453) and the metal-catalyzed reaction of nitrones 
with a crotonyl isoxazolidinone (454). A chiral erythrulose-derived nitrone was the 
subject of theoretical-experimental parallel studies (455), as was the camphor- 
based oxazoline nitrone developed by Langlois and co-workers (419). Purely 
theoretical studies were reported in a joint paper by Sustmann, Sicking, and 
Huisgen (456) on the high reactivity of the C=S double bond in nitrone cyclo- 
additions. 



1.12. CONCLUSION 



In this chapter, we have sampled the main areas of synthetic interest in which the 
1,3-dipolar cycloaddition of nitrones has been applied since 1984. It has not 
attempted to provide a comprehensive survey, rather a selective review to illustrate 
the strategies in which nitrones have found their place. It can be seen that nitrones 
have found application in the synthesis of a wide range of natural product target 
types, from sugars and nucleoside analogues, through p-lactams to alkaloids and 
other nitrogen heterocyclic natural products, both bridgehead bicyclic and mono- 
cyclic systems. The stereocontrol possible in the pericyclic transition state of the 
cycloadditions has been a key feature of many of these applications, and has been 
used to construct acyclic systems, for example, in the amino acid and peptide arena. 
Catalysis of the cycloadditions, and the use of solid phase have provide new 
dimensions. 

The wide range of chemistry incorporating nitrone cycloaddition shows no signs 
of having reached its limits, and we fully expect new and novel applications to 
continue to appear in the future. 
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The chemistry of the nitro functional group has had a long and rich history in 
organic synthesis (1-4). The high oxidation state of the nitro group imparts a 
number of physical properties that have important chemical consequences. Fore- 
most among these is the powerful electron-withdrawing capability through both 
dipolar and mesomeric effects. This property imparts the high electrophilicity 
associated with aromatic and olefinic nitro compounds and their susceptibility to 
nucleophilic addition and reduction. 

A second and related consequence in aliphatic nitro compounds is the acidifica- 
tion of the directly bonded CH„ unit through the attendant stabilization of the 
derived conjugate bases (5,6). As with all delocalized anions, reprotonation gives 
rise to tautomers, the original C-nitro compound (I) and the aci-nitro or isonitro 
form (II), Eq. 2.1. The aci-nitro tautomers are typically present in very minor 
concentrations, with equilibrium constants (Aeq) between 10~^ and 10”^ (7). 
Alkylation of the delocalized anion leads to both a-substituted nitro compounds 
and the regioisomeric nitronic esters (nitronates). Nitronates were described as 
early as 1894 (8), however, the first isolated nitronic ester was obtained several years 
later upon the addition of diazomethane to phenylazonitromethane ( 1 ), Eq. 2.2 (9). 



O. +,0“ 

'•XT 




nitro compound 



HO. -^.0“ 
N 




nitronic acid 
(aci-nitro or isonitro 
compound) 




(2.1) 



(2.2) 



( 1 ) 



( 2 ) 
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(3) 
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y 



MeO. O 



Ph' 



> 



'CN 



(III) 
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X 

O 2 N H 
(4) 



r 



MeO. O 
N' - 



O 2 N 



> 



R 



(IV) 



o 



+ . 0 - 

N 



NO 2 



(5) 




R 



Scheme 2.1 



Aside from the relatively trivial conversions of nitronates to the corresponding 
oxime and carhonyl compounds (10,11), the chemistry of nitronates remained 
relatively unexplored for much of the early 1900s. However, in 1964, Tartakovskii 
et al. (12) demonstrated that alkyl nitronate esters were competent partners in the 
newly discovered class of dipolar cycloadditions with alkenes (Scheme 2.1). Both 
cyclic and acyclic nitronates participated, thus providing a new functional group 
were the nitrogen atom existed at the center of an acetal (13). These compounds 
were subsequently referred to as nitroso acetals (14) or nitrosals (15). 

Several years later, Ioffe et al. (16) demonstrated that silyl nitronates also could 
be engaged in the dipolar cycloaddition with alkenes. These silylated isoxazolidine 
cycloadducts were then converted to the corresponding isoxazolines by treatment 
with sodium methoxide (Scheme 2.2). 

This chapter summarizes the [3 + 2]-dipolar cycloaddition chemistry of nitro- 
nates that has developed since the first reported discovery in 1964 up to the 



Ph 



MesSiO. + 

N 



.A, 



Me02C C02Me 
( 6 ) 



Me3SiO^ Q 

N' \ NaOMe 

-Ph ► 



80% Me02C 
Me02C 



N 



-O 



Me02C 



Ph 



(7) 



(8) 



Scheme 2.2 
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beginning of 2001, almost 40 years of nitronate chemistry. It is worth noting that 
despite a considerable body of work from the Tartakovskii and Torssell schools, the 
hrst volume of this compendium did not contain a section on nitronate cycloaddi- 
tions. Fortunately, advances in the past two decades have brought these important, 
early contributions to the fore. 

This chapter is divided into four major sections. The first (Section 2.1) will deal 
with the structure of both alkoxy and silyl nitronates. Specifically, this section will 
include physical, structural, and spectroscopic properties of nitronates. The next 
section (Section 2.2) describes the mechanistic aspects of the dipolar cycloaddition 
including both experimental and theoretical investigations. Also discussed in this 
section are the regio- and stereochemical features of the process. Finally, the 
remaining sections will cover the preparation, reaction, and subsequent functiona- 
lization of silyl nitronates (Section 2.3) and alkyl nitronates (Section 2.4), res- 
pectively. This will include discussion of facial selectivity in the case of chiral 
nitronates and the application of this process to combinatorial and natural product 
synthesis. 



2.1. STRUCTURE 

2.1.1. Silyl Nitronates 

2. 1.1.1. Stability 



The first attempted silylation of nitromethane resulted in the production of a 
silylated dimeric nitronate due to self-condensation (17). Subsequent investigations, 
however, have shown that silyl nitronates are stable compounds that can be isolated 
and distilled at reduced pressures. Table 2.1 (18-21). Bulkier silyl groups help 
increase the stability of the resulting nitronate (21). 

TABLE 2.1. BOILING POINTS OF SELECTED SILYL NITRONATES 

R^sSiO. + .0“ 

N 

Rii^Riii 



r' 


r" 


rIII 


bp (°C/mmHg) 


Reference 


Me 


Me 


H 


64/25 


18 


Me 


Et 


H 


58/ 12 


18 


l-BuMe2 


Et 


H 


50/0.15 


19 


Me 


Ph 


H 


85 / 0.5 


20 


l-BuMe2 


Me 


Me 


130/5 


19 


l-BuMe2 


-(CH2)4- 


90 / 0.01 


21 


l-BuMe2 


-(CH2)s- 


150/0.01 


19 
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Though the silyl nitronates themselves are stable, they are also very labile. 
Whereas they are unreactive toward mild base, silyl nitronates are readily hydro- 
lyzed back to the corresponding nitro compounds in the presence of water, alcohol, 
and mild acid (16). In the presence of stronger acids, the elimination of R 3 SiOH 
from monosubstituted nitronates is possible, forming small amounts of the corres- 
ponding nitrile oxide in addition to the original nitro compound (18). Although 
triethylamine is recommended as an effective stabilizer, the handling of the silyl 
nitronate is often avoided by generating the nitronate in situ and using it directly 
without isolation (22). 



2. 1.1.2. Bonding 



There are only two X-ray crystallographic structures of silyl nitronates, Tables 
2.2 and 2.3 (21). In both of these structures the nitronate group is planar, as 
expected for an sp^ hybridized nitrogen atom. However, the bond angles are quite 
different than the 120° normally associated with sp^ centers. The 0(1)— N—C bond 
angle is opened to 129.7 and 130.0° for 9 and 10 , respectively. The two remaining 
bond angles for 9 [0(2)— N—C and 0(1)— N— 0(2)] are 114.1 and 116.2°, while the 
same angles for nitronate 10 are 114.7 and 115.3°. These values fall close to those 
observed for a-4-chlorophenyl A-methyl nitrone ( 11 ), Figure 2.1 (23). However, the 
0(1)— N—C bond angle is 4 to 5° larger in the case of the nitronates. This 
abnormally large bond angle is ascribed to nonbonding repulsion of the ortho- 
hydrogen atom of the phenyl ring with 0(1). In the case of 10 , the phenyl ring cis in 
relation to the silyl moiety is also in plane with the nitronate, while the other phenyl 
ring is in a conformation orthogonal to the nitronate. Therefore the same steric 
argument holds for the large bond angle as observed in 9 . 

TABLE 2.2. SELECTED X-RAY STRUCTURAL DATA EOR 
SILYL NITRONATE (9) 



Sit-BuMe2 



, 0. +.0 

‘ N 



2 




H 



(9) 



Bond/Bond Angle 


Length (A) 


Angle (°) 


N-O(l) 


1.259 




N-0(2) 


1.411 




N-C 


1.302 




0(1)-N-C 




129.7 


0(2)-N-C 




114.1 


0(l)-N-0(2) 




116.2 
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TABLE 2.3. SELECTED X-RAY STRUCTURAL DATA EOR 
SILYL NITRONATE (10) 




Bond/Bond Angle 


Length (A) 


Angle (°) 


N-O(l) 


1.271 




N-0(2) 


1.400 




N-C 


1.309 




0(1)-N-C 




130.0 


0(2)-N-C 




114.7 


0(l)-N-0(2) 




115.3 



Both the C— N bond and the N— 0(1) bond show significant double-bond 
character. For 9, theses values are 1.302 and 1.259 A, respectively. The values of 
1.309 and 1.271 A are observed for 10 . The length of the C— N bond agrees well 
with that of the nitrone 11 in which a value of 1.309 A is observed. However, the 
N— O bond of 3 is significantly longer at 1.284 A. The N— 0(2) bond in both 9 and 
10 shows single-bond character with lengths of 1.41 1 and 1.400 A. The bond length 
is similar to that observed for the N— O bond of oxime 12 , which is 1.408 A (23). 

Interestingly, the silyl moiety is observed to be only slightly distorted out of the 
plane of the nitronate. In the case of 9, there is a 31° cant of the silyl group, where 
as this group is only 8° out of the plane in 10. 

2. 1.1. 3. Spectroscopy 

Infrared (IR), carbon- 13 nuclear magnetic resonance ('^C NMR), and proton 
NMR (^H NMR) spectroscopy provide diagnostic resonances for the identification 




Figure 2.1. Related N— O systems. 
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TABLE 2.4. CHARACTERISTIC IR ABSORBANCES FOR SIEVE NITRONATES 



R^SiO. + .0“ 
N 

u 

Rii-^Riii 



r' 


r“ 


rIII 


IR (C=N, cm^‘) 


Reference 


Mej 


Me 


H 


1622 


20 


MB3 


Et 


H 


1617 


20 


I-BuMe2 


n-Pent 


H 


1615 


21 


I-BuMe2 


n-Oct 


H 


1615 


21 


MB3 


CE3 


H 


1620 


24 


I-BuMe2 


CE3 


H 


1620 


24 


Me3 


Ph 


H 


1590 


20 


MB3 


C02Me 


H 


1591 


25 


MB3 


NO2 


H 


1600 


25 


MB3 


Me 


Me 


1626 


20 


I-BuMe2 


-(CH 2 ) 4 - 




1645 


21 


I-BuMe2 


«-Oct 


Me 


1615 


21 


I-BuMe2 


CP3 


Me 


1610 


24 


I-BuMe2 


Ph 


Ph 


1550 


21 


MB3 


NO2 


NO2 


1560 


26 


Me3 


C02Me 


C02Me 


1580 


16 



of nitronates. In the case of disubstituted nitronates, NMR spectroscopy is less 
useful due to the lack of a hydrogen atom attached to the nitronate carbon. The IR 
stretching frequencies for the C=N bond ranges from 1550 to 1645 cm“\ Table 2.4 
(16,20,21, 24-26). Typically acyclic, alkyl substituted nitronates fall in the middle 
of the range, whereas cyclic nitronates are observed at higher frequencies. The 
incorporation of electron withdrawing or conjugating groups leads to a lowering of 
the resonance frequency. 

The observed C=N stretching frequencies for aromatic nitronates are very 
similar to those of the corresponding nitrones, which appear at 1550-1600 cm~^ 
(27). The observed absorbances for aliphatic nitrones are between 1600 and 
1620 cm“', which is slightly lower that the corresponding nitronates. Moreover, 
the resonances observed for the nitronate function are slightly lower than those 
observed for oximes (1650-1685 cm“') (28). This data suggests a decrease in the 
C=N bond character in the order of oximes > nitronates > nitrones. 

The NMR resonance of the nitronate group is very diagnostic and typically 
appears between 105 and 135 ppm. Table 2.5 (21,24,29). The expected downheld 
shift is observed for disubstituted nitronates in comparison to the monosubstituted 
silyl nitronates. As is also observed with cyclic ketones, a larger downheld shift is 
seen for cyclic nitronates. The carbon resonances are similar to those observed for 
nitrones (~130 ppm) (30), however, they are shifted signihcantly upheld in 
comparison to the corresponding oximes (150-160 ppm) (31). The resonances 
for silylated oximes appear ^127 ppm (29). 
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TABLE 2.5. CHARACTERISTIC ‘^C NMR RESONANCES EOR SILYL NITRONATES 



R^SiO. + .0“ 
N 






Rn-^a^Riii 



r' 


r“ 


rIII 


'^C IC(oi), 8 , ppm] 


Reference 


Mej 


Me 


H 


109.8 


29 


I-BuMe 2 


CE3 


H 


105.4 


24 


Mej 


Me 


Me 


II8.3 


29 


I-BuMe 2 


Me 


Me 


1 20. 1 


21 


I-BuMe 2 


CE 3 


Me 


II3.9 


24 


I-BuMe 2 


-(CH2)4- 




135.2 


21 


Mej 


C 02 Me 


C 02 Me 


1 14.2 


29 



In the NMR spectra of monosubstituted silyl nitronates, the HC(a) resonance 
is typically observed between 5.5 and 6.7 ppm, Table 2.6 (20,24,25,29). As ex- 
pected, alkyl nitronates are shifted upfield relative to those bearing conjugated and 
electron-withdrawing groups. In general, the resonances for monosubstituted silyl 
nitronates are found at slightly higher field compared to the corresponding nitrones 
which appear between 6.3 and 7.9 ppm (30). This upfield shift is also true in com- 
parison to alkyl and aryl oximes, which are observed between 6.8 and 7.9 ppm and 
7.2 and 8.6 ppm, respectively (32). Both the and the NMR data shows that 
the electron density at the nitronate carbon is greater than either the carbon of the 
nitrone or oxime, hence the upfield resonances observed wifh fhe nitronate compounds. 



2. 1.1.4. Silyl Exchange 

Despite the potential for geometrical isomers, in almost all cases, a single set of 
signals is observed by both and NMR spectroscopy for silyl nitronates. This 



TABLE 2.6. CHARACTERISTIC 'H NMR RESONANCES EOR SILYL NITRONATES 



R^SiO. + ,0“ 
N 

A 

rII-^H 



r' 


r" 


‘H IHC(a), 8 , ppm] 


Reference 


Me 3 


H 


5.55 


29 


Me 3 


Me 


6.05 


29 


Me 3 


Et 


5.87 


20 


Me 3 


Ph 


6.69 


29 


Me 3 


C 02 Me 


6.28 


25 


I-BuMe 2 


CF 3 


6.51 (br) 


24 


Me 3 


NO 2 


8.25 


25 
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Figure 2.2. Proposed modes of silyl group exchange. 



behavior can result from three possibilities: (1) stereoselective silylation, (2) 
existence of a hypervalent silicon species (VI) involved in bonding with both 
nitronate oxygens, or (3) a rapid exchange of the silyl group (Fig. 2.2). However, 
for nitronate 13, there is only a single 'H NMR resonance observed for the two 
methyl groups attached to the nitronate (Fig. 2.3) (21). Even if the silylation were 
stereoselective, this alone cannot explain the equivalency of these methyl groups. 
Interestingly, in the solid state, only the (E) isomer is observed for nitronate 9 
(Table 2.2). Stereoselective silylation notwithstanding, this is likely due to a more 
favorable packing of the (E) isomer compared to the (Z) isomer in the solid state. 
The X-ray crystallographic structure of 9 also reveals a tetracoordinate silicon 
atom, suggesting that a hypervalent silicon species is not present in the solid state 
for this system. 

In the solution state, the possibility of a pentacoordinate silicon species can also 
be discounted by ^®Si NMR spectroscopy (29). Comparison of the silyl nitronates 
14 and 6 to the corresponding silyl oximes 15 and 16 show that the silicon 
resonances are almost identical (Fig. 2.4). If there were a significant interaction 
with both oxygens in the nitronate, the resonance would be shifted from that of the 
silyl oxime. 

The rapid exchange of the silyl group is the most reasonable explanation for 
these observations. From low-temperature and NMR investigations, the 
energy barrier for this isomerization is calculated to be 9-12 kcal/mol, independent 
of the silyl group. The calculated energy barriers and corresponding coalescence 
temperatures are shown in Figure 2.5 (21,24,33). This exchange is likely an intra- 
molecular process since the spectra are independent of concentration. Studies on 



0.95 ppm (9 H) 



f-BuMe2Si 



Z' O. +,0“ 

0.3 ppm (6 H) j| 

Me'^Me 

V 

2.0 ppm (6 H) 

Figure 2.3. The *H NMR data of the silyl nitronate (13). 
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21.1 ppm 



21.2 ppm 



32.7 ppm 



33.0 ppm 



MegSiO. + MegSiO. 



N 

A. 



Me Me 



(14) 



MegSiO. + .0 Me.SiO. 

'N N N 

XX X 

Me'^Me MeOjC C02Me MeOzC COzMe 



(15) 



(6) 



(16) 



Figure 2.4. The NMR data of silyl nitronates and corresponding silyl oximes. 



MeaSiOs +.0 

u 

Me02C C02Me 



l-BuMe2SiO., + ,0 
N 




f-BuMe2SiO ' ^ ' O 



FsC'^H 



(17) 

10.0 kcal/mol 
(Tc = -65 °C, CHCI 2 F) 



( 6 ) 

1 1.8 kcal/mol 
(Tc = —17 °C, toluene) 

Figure 2.5. Isomerization barrier and coalescence temperature for silyl nitronates. 



(18) 

9.3 kcal/mol 
[Tc = 35 °C, CS 2 /THF] 



the analogous diethylboryl nitronate of 6 suggest that the isomerization proceeds 
though a four coordinated transition structure (IX) and not through a dissociation 
and recombination of the boryl cation (Fig. 2.6) (33). This conclusion is supported 
by the lack of a solvent effect on the rate of isomerization. Additionally, in the case 
of 9 the nonbonding interaction between the oxygen and silicon results in a 
distorted tetrahedron at silicon in the solid state (Fig. 2.7) (21). The 0(2)— Si— /- 
Bu bond angle is only 100.6°. As a result the threefold axis generated by averaging 
the three Si— C vectors creates an 8° angle with the Si— 0(2) bond, distorted 
toward 0(1). 



Et^ Et 
B- 



o". + .0 

N 



Me02C 



A 



C02Me 



(IX) 

Figure 2.6. Proposed transition state for the isomerization of boryl nitronates. 
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Figure 2.7. Selected angles from the X-ray crystallographic data of 9. 



2. 1.1. 5. Spectroscopic Data of Silyl Nitroso Acetals 



The primary cycloadduct from combination of a dipolarophile with a silyl 
nitronate is an isoxazolidine. The and NMR spectra are highly informative 
for the structural determination of these products, Tables 2.7 and 2.8 (21,25,34,35). 
Both the 'H and NMR data show that HC(5) are shifted downfield relative to 
HC(3). An expected downfield shift is also observed with electron-withdrawing or 
conjugating groups. In the absence of functionalization at C(3), there is a signihcant 
upheld shift of the corresponding resonance. The IR data is less reliable. The 
O— N— O stretch is reported to be ~1055 cm“^ (Fig. 2.8), however, this stretching 



TABLE 2.7. CHARACTERISTIC ‘H NMR RESONANCES FOR A-SILYLOXY NITROSO ACETALS 




R‘ 



R“ 



R“ 



HC(3) 



HC(5) 



Reference 



CFj 

CF3 

CF3 

NO2 

COiMe 

COjMe 



H 

H 

H 

NO2 

H 

H 



n-Bu 

Ph 

C02Me 

Ph 

Ph 

C02Me 



3.82 

3.21 

4.13 

not obtained 
3.99 

not obtained 



4.18 

4.11 

4.01 

4.09 



4.62 
4.85 

5.62 
5.36 
5.01 
4.82 
6.09 
5.55 
5.48 
5.40 

4.88 

4.89 



21 

21 

21 

34 

25 

25 
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TABLE 2.8. CHARACTERISTIC ‘^C NMR RESONANCES EOR A-SILYLOXY 
NITROSO ACETALS 




r' 


r“ 


rIII 


'^C (6, ppm) 

C(3) 


C(5) 


Reference 


CF 3 


H 


n-Bu 


71.6 


79.8 


21 


CF 3 


H 


Ph 


72.2 


81. 1 


21 


CF 3 


H 


COzMe 


71.4 


77.5 


21 


H 


G* 


COMe 


65.0 


84.9 


35 


Me 


G* 


COMe 


72.8 


85.3 


35 


H 


G* 


C02Et 


64.7 


78.5 


35 



band is moderate in strength and frequently obscured for more functionalized 
nitronates. 

Several diastereomers may result from the [3 + 2] cycloaddition of silyl nitro- 
nates. In the case of the trifluoroisoxazolidine, the major isomers are epimers at 
nitrogen due to the high inversion barrier (24). Diastereomers from different modes 
of approach of the dipolarophile are observed in less significant amounts. Equili- 
bration of the nitrogen epimers is accomplished upon heating in toluene at 110°C 
for several hours. 

A^-Silyloxy isoxazolidines can be converted to the corresponding isoxazolines by 
elimination of RsSiOH. The 'H NMR spectra of the corresponding isoxazolines 
retain the chemical shift of the HC(5), however, a downfield shift is observed for 
HC(3), as well as C(3), Tables 2.9 and 2.10 (18,36). The IR spectra return to a range 
similar to that of the original silyl nitronate (Fig. 2.8). 



Me3SiO^ n 



0,N 



O2N 



-Ph (19) 

IR (O-N-0) : 1055 cm“‘ 



N 



-O 



MeOjC 



CO,Me (20) 



IR (C=N) : 1580 cm“ 



Figure 2.8. Characteristic infrared data for N-silyloxy isoxazolidines and isoxazolines. 
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TABLE 2.9. CHARACTERISTIC ‘H NMR RESONANCES EOR ISOXAZOLINES 




r' 


r" 


HC(3) 


HC(5) 


Reference 


H 


COzMe 


7.25 


4.99 


18 


H 


Ph 


7.17 


5.50 


18 


Et 


CN 




5.25 


18 



TABLE 2.10. CHARACTERISTIC ‘^C NMR RESONANCES 
EOR ISOXAZOLINES 




R 


n 


‘^C IC(3), 5, ppm] 


Reference 


4-E-C6H, 


6 


161.2 


36 


PI 1 CH 2 CH 2 


6 


162.2 


36 


4 -P-C 6 H 4 


5 


173.4 


36 


PI 1 CH 2 CH 2 


5 


174.3 


36 



2.1.2. Alkyl Nitronates 

2. 1.2.1. Stability 



Alkyl nitronates derived from simple, acyclic nitroalkanes are less stable than 
the corresponding silyl nitronates (16). Only a handful of nitronates are amenable to 
distillation (Table 2.11) (37-39). The majority of monosubstituted nitronates 
decompose in solution at room temperature over the course of 1-5 days (40,41). 
Because of this instability, these nitronates are commonly utilized without further 
purification. 

Most cyclic and aryl nitronates are solids at room temperature (41). However, 
the stability of aryl substituted nitronates is dependent on the configuration of 
the nitronate (40). For example, only the trans isomer of the ethyl nitronate of 
4-nitrophenylnitromethane crystallizes from an analytically pure mixture of cis and 
trans isomers. The mass recovery reflects the percentage of the trans isomer in the 
original mixture. As expected, increasing substitution on the nitronate typically 
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TABLE 2.11. BOILING POINTS OF SIMPLE ALKYL 
NITRONATES 



+ . 0 “ 
N 

u 



r' 


r“ 


bp (°C/mmHg) 


Reference 


Me 


COzEt 


84 / 2.5 


37 


Et 


COzEt 


81 /3 


38 


Me 


CN 


52 / 0.05 


39 



leads to greater stability, allowing for purification by recrystallization or chromato- 
graphy. 



2. 1.2.2. Bonding 



The structure of nitronic acids has been generally accepted to be represented by 
II (Eq. 2.1) since the early 1900s (37,42). Consequently, this formulation was pro- 
posed for the analogous nitronic esters. The structure consists of a planar nitrogen 
atom involved in a double bond with the adjacent carbon atom. INDO calculations 
of 21 suggest a C=N bond length of 1.27 A, an N— 0(2) bond of 1.38 A, and a 
N— 0(1) bond of 1.30 A (Table 2.12). The angles between the substituents of the 
nitrogen are at an idealized 120° (43). 

The structure of alkyl nitronates is confirmed by solid-state investigation. 
Despite the rather diverse environments in which nitronates are found the structural 

TABLE 2.12. CALCULATED BOND DISTANCES AND 
ANGLES FOR NITRONATES 



1 



Me 

I 



O.. + ,-0 2 
N ^ 




Me 



( 21 ) 



Bond/Bond Angle 


Length (A) 


Angle (°) 


N-O(l) 


1.30 




N-0(2) 


1.38 




N-C 


1.27 




0(1)-N-C 




120.0 


0(2)-N-C 




120.0 


0(l)-N-0(2) 




120.0 




2.1. Structure 
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Bond/Bond 


22 




23 


24 




Length (A) Angle (°) 


Length (A) 


Angle (“) 


Length (A) 


Angle (°) 


Angle 


N-O(l) 


1.274 


1.271 




1.258 




N-0(2) 


1.424 


1.451 




1.434 




N-C 


1.293 


1.281 




1.296 




0(1)-N-C 


129.5 




133.0 




127.8 


0(2)-N-C 


120.0 




114.4 




120.6 


0(l)-N-0(2) 


110.4 




112.6 




111.5 



parameters are fairly consistent (44-55). The N— 0(1) bond centers ^ 1.25 A with a 
0.06-A range and the N— C bond falls ^ 1 .30 A with a 0.04-A range. These para- 
meters are also found to be complimentary, that is, cases with long N— 0(1) bonds 
have shorter N— C bonds and vice versa. The X-ray crystallographic determination 
of 22 shows that the nitrogen atom is indeed planar, but the angles between the 
nitronate substituents are distorted from the ideal for an sp^ center (Table 2.13). The 
0(1)— N— 0(2) angle is narrowed to 110.4°, while the 0(1)— N—C bond angle is 
expanded to 129.5°. The remaining 0(2)— N—C bond angle is very close to ideal at 
120.0°. The C— N bond distance was found to be 1.293 A, while the N— 0(1) and 
N— 0(2) bonds are 1.274 and 1.424 A, respectively. The X-ray crystallographic data 
for 24 corresponds well with those of 22 , however, the bond angles of 23 are 
drastically different from the other two alkyl nitronates. Interestingly, these bond 
angles agree better with those observed in the silyl nitronates, however, this may be 
due to the constraints imposed by the fused seven- and six-membered rings. 

The X-ray crystallographic data for an acyl nitronate (25) is compiled in Table 2. 14 
(56). Because the phenyl group attached to the nitronate, the bond angles about the 
sp^ hybridized nitrogen are similar to those of nitronates 9 and 10 . However, the 
0(1)— N bond is slightly shorter than those in either the alkyl or silyl nitronates, 
while the 0(2)— N is slightly longer. This is in line with the observed instability of 
monosubstituted acyl nitronates, which eliminate readily to the nitrile oxides. 

2. 1.2. 3. Spectroscopy 

The spectroscopic data for alkyl nitronates follows very closely to those of silyl 
nitronates. The C=N stretching frequencies for five- and six-membered, cyclic 
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TABLE 2.14. SELECTED X-RAY STRUCTURAL DATA EOR 
ACYL NITRONATE 25 




( 25 ) 



Bond/Bond Angle 


Length (A) 


Angle (°) 


N-O(l) 


1.232 




N-0(2) 


1.455 




N-C 


1.318 




0(1)-N-C 




130.3 


0(2)-N-C 




114.0 


0(l)-N-0(2) 




115.6 



nitronates range from 1560 to 1670 cm“^ (Tables 2.15 and 2.16) (57-71). As 
expected, higher frequencies are observed with the five-membered rings compared 
to six-membered rings. As is seen with silyl nitronates, the substitution of an 
electron-withdrawing group directly on the nitronate functionality decreases the 
observed resonance frequency. Interestingly, when the substituent is an ether, 
the observed absorbance appears at higher frequency, unless there is an electron- 
withdrawing group at R\ This is not the case when R'^^ is an amino group. 

TABLE 2.15. CHARACTERISTIC IR ABSORBANCES EOR EIVE-MEMBERED 
CYCLIC NITRONATES 




R“ 



r' 


r" 




rIII 


IR (cm^‘) 


Reference 


Ph 


H 




H 


1620 


57 


H 




-(CH2)4- 




1628 


58 


NO2 


OH 




H 


1640 


59 


COiEt 


H 




COMe 


1630 


60 


C02Et 


Me 




COEt 


1623 


60 


COjEt 




-C0(CH2)^ 




1622 


60 


COjMe 


C02Me 




C02Me 


1632 


61 


Me 


i'-Pr 




C02Et 


1654 


62 


Et 


!-Pr 




C02Et 


1630 


62 


-(CH2)4- 






C02Et 


1670 


62 




2.1. Structure 
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TABLE 2.16. CHARACTERISTIC IR ABSORBANCES EOR SIX-MEMBERED 
CYCLIC NITRONATES 




r' 


r“ 


rIII 


R"'' 




R'' 


R'" 


IR (cm^‘) 


Reference 


COiMe 


H 


H 


H 




H 


H 


1570 


63 


Ph 


H 


H 


H 




H 


H 


1590 


63 


NO 2 


H 


H 


H 




H 


H 


1610 


63 


CN 


H 


H 


H 




H 


H 


1580 


64 


Me 


Ph 


H 




-(CH2)3- 




H 


1601 


65 


Me 


4-MeCeH4 


H 




-(CH2)3- 




H 


1599 


65 


Me 


4-MeCeH4 


H 




-(CH2)^ 




H 


1608 


65 


H 


-(CH2)4- 




H 




H 


Me 


1616 


58 


H 


4-MeCeH4 


H 




-(CH2)4- 




OSiMe3 


1627 


66 


H 


Me 


H 




-(CH2)4- 




OSiMe3 


1628 


66 


Me 


Ph 


OAc 


H 




H 


On-Bu 


1618 


67 


H 


Ph 


H 


H 




H 


OG* 


1626 


68 


H 


OBz 


H 


H 




H 


OG* 


1622 


69 


C02Me 


4 -NO 2 C 6 H 4 


H 


H 




H 


OEt 


1595 


70 


C02Me 


4 -NO 2 C 6 H 4 


H 




-(CH2)4- 




OMe 


1585 


70 


Me 


Ph 


H 




-(CH2)3- 




NG '2 


1610 


71 


Me 


Ph 


H 




-(CH2)4- 




NG '2 


1605 


71 


Me 


Ph 


H 




-(CH2)^ 




NG '2 


1610 


71 


Ph 


Ph 


H 




-(CH2)^ 




NG '2 


1560 


71 



The 'H NMR spectra of monosubstituted, acyclic nitronates show two reso- 
nances in the range of 5.5 and 7.2 ppm (Table 2.17) (39,40). The peaks are 
nonequilibrating and are assigned to the two possible nitronate diastereomers. This 
result is in contrast to the silyl nitronates, in which the two diastereomers were 
observed to be in rapid equilibrium. Based on the measurement of their respective 
dipole moments (39), and comparison to known nitrones and oxime ethers (72,73), 
the downfield signal is assigned to the trans isomer. 

The chemical shifts of HC(a) are shifted slightly downfield of the corresponding 
silyl nitronates. As expected, the addition of electron-withdrawing or conjugating 
groups shifts the resonance downfield. 

The 'H NMR data for HC(5) of five-membered, cyclic nitronates is presented in 
Table 2.18 (60-62). Though there are no reported examples with a hydrogen at 
C(3), the influence of the nitronate function can be observed at the second point 
of connection. The presence of electron-withdrawing groups at R* provides a 




100 



Nitronates 



TABLE 2.17. CHARACTERISTIC ‘H NMR RESONANCES FOR ACYCLIC ALKYL NITRONATES 



+ .0” 

N 



R' 






H 







'H NMR (HC(oi), 8, ppm) 




r' 


r" 


cis 


trans 


Reference 


Me 


Me 


5.91 


6.25 


40 


Et 


Me 


5.57 


6.27 


40 


Et 


Et 


6.05 


6.11 


40 


Et 


n-Pr 


5.75 


6.04 


40 


Et 


4-BrC6H4 


6.80 


7.03 


40 


Et 


4 -NO 2 C 6 H 4 


6.95 


7.22 


40 


Et 


CN 


6.09 


6.50 


39 


Et 


COMe 


6.55 


6.83 


39 


Et 


C02Me 


6.47 


6.80 


39 



slight downfield shift of HC(5), however, the overall range is relatively small, only 
4.6-5. 1 ppm. 

In six-memhered, cyclic nitronates, the 'H NMR resonance for HC(3) appears in 
a similar range to that of HC(a) for alkyl-snhstituted, acyclic nitronates (Table 2.19) 
(14,58,65,68,69). Interestingly, there is an downheld shift of HC(6), when there is a 
ring fused at C(5)/C(6), as opposed to the attachment of an ether or methyl group. 

In the case of hve-membered, cyclic nitronates, the NMR resonances for C(3) 
appears in the same region as C(a) in the silyl nitronates (Table 2.20) (60,62,74). In 
addition, C(5) is observed between 72 and 92 ppm. For six-memhered cyclic 



TABLE 2.18. CHARACTERISTIC 'H NMR RESONANCES EOR EIVE-MEMBERED, CYCLIC 
NITRONATES 



R 



III 



O 

5/ N 



3 RI 




R3‘ 



r' 


r“ 


rIII 


‘H (HC(5), 8, ppm) 


Reference 


COjEt 


H 


COMe 


4.95 


60 


COjEt 


Me 


COEt 


5.05 


60 


COjEt 


-C0(CH2)^ 




4.75 


60 


C02Me 


C02Me 


C02Me 


5.00 


61 


Me 


;'-Pr 


C02Et 


4.65 


62 


Et 


i-Pr 


C02Et 


4.65 


62 


-(CH2)4- 




C02Et 


4.57 


62 




2.1. Structure 
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TABLE 2.19. CHARACTERISTIC ‘H NMR RESONANCES FOR SIX-MEMBERED, 
CYCLIC NITRONATES 




(8, ppm) 



r' 


r" 


rIII 


R 


IV 


R'' 


R'" 


H(C3) 


HC(6) 


Reference 


H 


Ph 


H 




-(CH2)4- 




OSiMe 


6.20 




14 


H 


Me 


H 




-(CH2)4- 




OSiMe3 


6.25 




14 


H 


4-MeOCeH4 


H 




-(CH2)4- 




OSiMe3 


6.27 




14 


H 


-(CH2)4- 




H 




H 


Me 


6.18 


4.30 


58 


H 


Ph 


H 


H 




H 


OG* 


6.31 


4.58 


68 


H 


OBz 


H 


H 




H 


OG* 


6.53 


4.64 


69 


Me 


Ph 


H 




-(CH2)3- 




H 




4.91 


65 


Me 


4-MeOC6H4 


H 




-(CH2)3- 




H 




4.90 


65 


Me 


4-MeOCsH4 


H 




-(CH2)4- 




H 




4.58 


65 


Me 


4-MeOCsH4 


H 




-(CH2)^ 




H 




4.59 


65 



nitronates, the C(3) resonance is observed between 109 and 127 ppm (Table 2.21) 
(58,65,66,68,69). A downfield shift is observed when the nitronate ring is not 
substituted with an ether moiety. 

The spectroscopic data for alkyl nitronates correlate well to that of silyl 
nitronates, indicating that the nature of the nitronate substituent has a negligible 



TABLE 2.20. CHARACTERISTIC ‘^C NMR RESONANCES FOR FIVE-MEMBERED, 
CYCLIC NITRONATES 







'^C (8, ppm) 



r' 


r“ 


rIII 


C(3) 


C(5) 


Reference 


C02Et 


H 


COMe 


106.9 


77.5 


60 


C02EI 


Me 


COEt 


112.4 


82.2 


60 


C02EI 


-C0(CH2)2- 




109.5 


76.2 


60 


Et 


!-Pr 


C02Et 


116.3 


71.9 


62 


-(CH2)4- 


C02Et 


115.0 


77.3 


74 


-(CH2)4- 


-(CH2)4- 


118.6 


92.4 


74 


-(CH2)4- 


-(CH2)4- 


118.1 


82.2 


74 
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TABLE 2.21. CHARACTERISTIC ‘^C NMR RESONACES FOR SIX-MEMBERED, 
CYCLIC NITRONATES 




'^C (5, ppm) 



r' 


r" 


rIII 


R" 




R'' 


R'" 


(C3) 


C(6) 


Reference 


H 


4-MeOCeH4 


H 




-(CH2)4- 




OSiMe3 


113.2 


104.9 


66 


H 


Ph 


H 


H 




H 


OG* 


114.6 


102.3 


68 


H 


OBz 


H 


H 




H 


OG* 


109.8 


101.9 


69 


Me 


-(CH2)4- 




H 




H 


Me 


123.8 


80.8 


58 


Me 


-(CH2)3- 




H 




H 


Me 


126.2 


79.5 


58 


Me 


Ph 


H 




-(CH2)3- 




H 


124.3 


83.4 


65 


Me 


4-MeOCeH4 


H 




-(CH2)3- 




H 


125.0 


84.4 


65 


Me 


4-MeOCf,H4 


H 




-(CH2)4- 




H 


119.6 


74.9 


65 


Me 


4-MeOC(,H4 


H 




-(CH2)s- 




H 


121.5 


79.4 


65 



effect on the functional group. Therefore the same trends observed with nitrones 
and oximes, in comparison to silyl nitronates, are applicable to alkyl nitronates. 



2. 1.2.4. Spectroscopic Data of Alkyl Nitroso Acetals 

The nitroso acetals that result from the [3 + 2] cycloaddition of alkyl nitronates 
with dipolarophiles typically provide several characteristic spectroscopic signals for 
identihcation. As in the silyl counterparts, the O— N— O stretch in the alkyl nitroso 
acetals is observed in the IR ranges between 1000 and 1030 cm~' (Tables 2.22 and 
2.23) (57,75-77). However, this resonance is usually not strong, and can be obs- 
cured by other functional group resonances with more substituted nitroso acetals. 



TABLE 2.22. CHARACTERISTIC IR ABSORBANCES EOR N-ALKOXY ISOXAZOLIDINES 




r' 


r" 


rIII 


IR (cm^‘) 


Reference 


Me 


NO 2 


C02Me 


1020 


75 


Me 


4 -NO 2 C 6 H 4 


C02Me 


1030 


76 


Me 


4 -NO 2 C 6 H 4 


CN 


1000 


76 


Me 


4-MeOCeH4 


C02Me 


1030 


76 




2.1. Structure 
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TABLE 2.23. CHARACTERISTIC IR ABSORBANCES EOR BICYCLIC NITROSO ACETALS 







r' 


r" 


rIII 


IR (cm^‘) 


Reference 


H 


Ph 


H 


1020 


57 


H 


Ph 


Ph 


1030 


57 


H 


COzMe 


Ph 


1030 


57 


H 


NO 2 


H 


1030 


77 


H 


NO 2 


Me 


1010 


77 



The 'H NMR spectra of the nitroso acetal cycloadducts display low field 
resonances for both HC(3) and HC(5) (Table 2.24) (78). As with the corresponding 
N-silyloxy isoxazolidines, multiple diastereomers are formed. These arise because 
of the high inversion barrier at nitrogen, as well as different modes of approach of 
the dipolarophile (79-82). Due to the greater electronegativity of oxygen, with 
respect to nitrogen, the HC(5) is shifted downfield from that of HC(3). The same 
relationship is observed in the case of six membered cyclic nitronates where 
the HC(2) and HC(6) are observed downfield of HC(3a) (Table 2.25) (83,84). 
The electronegativity effects on diamagnetic shielding are also observed in the 
NMR spectra, where the resonances for C(2) and C(6) are shifted downfield of 
C(3a) (Table 2.26) (83,84). The former are typically observed between 81 and 
108 ppm, while C(3a) is seen between 72 and 78 ppm. 



TABLE 2.24. CHARACTERISTIC ‘H NMR RESONANCES EOR N-ALKOXY ISOXAZOLIDINES 




R'l 



*H (5, ppm) 



r' 


r“ 


rIII 


HC(3) 


HC(5) 


Reference 


C02Me 


C02Me 


C02Me 


4.34 


5.34 


78 








4.59 


5.24 










4.74 


5.24 










4.56 


4.97 




C02Me 


CN 


CN 


4.47 


5.32 


78 








4.82 


5.39 










4.68 


5.16 










4.86 


5.75 
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TABLE 2.25. CHARACTERISTIC ‘H NMR RESONANCES EOR BICYCEIC NITROSO ACETALS 




r' 


r" 


rIII 


R"'' 


HC(2) 


(6, ppm) 
HC(3a) 


HC(6) 


Reference 


OEt 


Ph 


H 


OEt 


5.65 


3.84 


4.92 


83 


OEt 


Ph 


H 


COzMe 


4.94 


3.67 


4.77 


83 


OEt 


Ph 


Me 


C02Me 


5.23 




4.98 


83 


0«-Bu 


OBz 


H 


COzMe 


5.09 


3.87 


4.97 


84 


OG* 


OBz 


H 


CH 2 OH 


4.66 


3.65 


4.20 


84 



TABLE 2.26. CHARACTERISTIC ‘^C NMR RESONANCES EOR BICYCLIC NITROSO ACETALS 




r' 


R" 


RlII 


RiV 


C(2) 


'^C (5, ppm) 
C(3a) 


C(6) 


Reference 


OEt 


Ph 


H 


OEt 


100.0 


72.7 


107.5 


83 


OEt 


Ph 


H 


C02Me 


81.4 


75.4 


99.9 


83 


OEt 


Ph 


Me 


C02Me 


81.4 


77.2 


100.0 


83 


On-Bu 


OBz 


H 


C02Me 


80.5 


72.0 


98.2 


84 


OG* 


OBz 


H 


CH 2 OH 


86.8 


73.8 


99.1 


84 



TABLE 2.27. CHARACTERISTIC *H NMR RESONANCES EOR TRICYCLIC NITROSO ACETALS 




III 



r' 


r" 


rIII 


n 


HC(2) 


(5, ppm) 
HC(3a) 


HC(6) 


Reference 


On-Bu 


Me 


Me 


5 


4.50 




5.06 


85 


Ott-Bu 


Me 


H 


6 


4.43 


3.52 


4.76 


85 


On-Bu 


Me 


Me 


6 


4.40 




4.94 


85 





2.2. General Reactivity 105 

TABLE 2.28. CHARACTERISTIC ‘^C NMR RESONANCES EOR TRICYCLIC NITROSO ACETALS 




III 



r' 


r“ 


rIII 


n 


C(2) 


(5, ppm) 
C(3a) 


C(6) 


Reference 


On-Bu 


Me 


Me 


5 


86.2 


83.1 


99.6 


85 


Ott-Bu 


Me 


H 


6 


85.3 


68.3 


100.1 


85 


Ort-Bu 


Me 


Me 


6 


88.9 


72.0 


99.7 


85 




‘H (8, ppm) 


(8, ppm) 


HC(5) 3.64 


C(5) 


77.29 




C(7) 


68.98 




C(l) 


96.66 



'H (8, ppm) 


>3C (8 


, ppm) 


HC(2) 


4.05 


C(2) 


77.68 






C(9) 


81.07 


HC(6) 


4.69 


C(l) 


106.32 



Figure 2.9. The NMR data for selected tricyclic nitroso acetals. 



The spectral data for nitroso acetals arising from intramolecular nitronate 
cycloadditions mirror those of the previously presented nitroso acetals. Selected 
examples are collected in Tables 2.27 and 2.28, as well as in Figure 2.9 (85-87). 



2.2. GENERAL REACTIVITY 



Following the initial report from Tartakovskii et al. (12) describing the success- 
ful utilization of a nitronate in a [3 -1-2] -dipolar cycloaddition, there has been much 
interest in the development and exploration of this process. Since that time a wide 
variety of nitronates has been prepared and shown to successfully engage in [3-1-2]- 
dipolar cycloaddition (30,88,89). In general, these reactions proceed under mild 
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conditions with high regio- and moderate to high relative stereoselectivity. Both 
electron-rich and electron-deficient alkenes have been used in the cycloaddition of 
nitronates, however, reactions with the latter dipolarophiles are more facile. 
Cycloadditions of unactivated alkenes are mainly relegated to intramolecular cases. 
As expected, additional substituents on either the dipole or the dipolarophile lower 
the reaction rate because of the increased steric bulk. However, the incorporation 
electron-withdrawing or electron-donating groups on the nitronate results in an 
increase in reactivity compared to a similarly substituted dipole. 

The relative reactivity of electronically disparate dipolarophiles has been 
demonstrated in competition experiments between ethyl vinyl ether and a variety 
of electron dehcient alkenes, Eq. 2.3 (90). Capture of the nitronate formed in situ 
from the hetero-[4-|-2] cycloaddition of ethyl vinyl ether and nitrostyrene is 
observed only with electron poor alkenes. None of the adduct corresponding to 
reaction with ethyl vinyl ether was observed. This difference in reactivity is also 
anticipated by computational analysis (91). The B3LYP/6-31G* calculation of the 
frontier molecular orbitals (FMO) of methyl vinyl ether (MVE), methyl vinyl 
ketone (MVK), and the nitronate 31 show a smaller energy gap between the highest 
occupied molecular orbital of the dipole (HOMO^jpoie) and the lowest occupied 
molecular orbital of the MVK (LUMOmvk) then the HOMOdipoie and the 
LUMOmve (Fig- 2.10). This suggests a higher reactivity of the electron deficient 
alkene. Subsequent calculation of the reactive potential energy surface reveals that 
the transition state energy is lower for the [3 + 2] cycloaddition of MVK. Interest- 
ingly, the nitroso acetal resulting from [3 + 2] cycloaddition with methyl vinyl ether 
was found to be 6.4kcal/mol more stable than the corresponding MVK adduct, 
presumably due to anomeric stabilization of the product. 




( 30 ); 30 % 
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Figure 2.10. Calculated FMO of ethyl vinyl ether, ethyl vinyl ketone, and nitronate (31). 



As observed in other dipolar cycloadditions, there are three stereochemical 
issues that must be addressed (Scheme 2.3). These issues include the regioselec- 
tivity, the stereoselectivity, and the facial selectivity of the cycloaddition. The first 
two will be discussed in this section, while the latter will be discussed in 
Sections 2.3 and 2.4 as it relates to specific examples. 



Regioselectivity: 



head-to-head 



Stereoselectivity: 



Facial Selectivity: 



MeO, + 






X 



R 



MeO-N^9 
^ h'^^x 

f 



head-to-tail 



endo 






X 



MeO-N^9 
^X'^^H 



// 



top MeO-' 



/ '.X 



-O'N: 



'^R 



bottom 



MeO- 

~0" 



N= 



R 



X 



Scheme 2.3 




108 



Nitronates 



2.2.1. Regioselectivity 

Because of the intrinsic structural asymmetry of this dipole, there exist two 
possible regioisomers resulting from the cycloaddition with unsymmetrical dipo- 
larophiles. The reaction of a monosubstituted dipolarophile with a nitronate, in a 
head-to-head fashion provides a 5-substituted isoxazolidine (Scheme 2.4). Alterna- 
tely, the head-to-tail combination of the coupling partners results in a 4-substituted 
isoxazolidine. With only a few exceptions (92), the 5-substituted isoxazolidine is 
formed exclusively. 

Several groups have attempted to rationalize the observed regioselectivity by use 
of FMO analysis. INDO calculations of nitronates bearing electron-withdrawing 
groups provided an energy difference between the two possible combinations that is 
too small to determine definitively the orbital interactions (78). It is therefore not 
possible to predict the regioselectivity of the cycloaddition on the basis of these 
calculations alone. Computational analysis on simpler nitronates have come to 
similar conclusions, which is the case for both semiempirical calculations (PM3) of 
electron-rich olefins (93) as well as AMI calculations of electron-deficient alkenes 
(94). Interestingly, in the absence of an attached electron-withdrawing group, the 
larger coefficient for the nitronate resides on the carbon atom in both the HOMO 
and LUMO. Therefore in the case of electron-deficient dipolarophiles where the 
larger coefficient resides on the a carbon in both frontier orbitals, both combina- 
tions of dipole and dipolarophile result in 5-substituted isoxazolidines (84). 
However, this is not the case with electron-rich dipolarophiles, where the larger 
coefficient changes between the HOMO and the LUMO (93). 

Two independent calculations of the limiting transition states on the potential 
energy surface help to confirm the preference for the head-to-head orientation. 
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Semiempirical calculations show that the approach of the dipolarophile in a head- 
to-head manner is 5.91 kcal/mol more favorable than the head-to-tail orientation 
with electron-rich alkenes (93). This difference is manifest in the ground state of 
resulting cycloadducts where the head-to-head adduct is 6.6 kcal/mol more stable. 
Similarly, the head-to-head transition state is more favorable by 3.4 kcal/mol for 
electron-poor alkenes, and 7.4 kcal/mol for electron-rich alkenes as calculated with 
density functional theory (91). This preference is also carried over into the ground- 
state energies of the resulting cycloadducts. 

Cycloadditions involving disubstituted dipolarophiles have been mainly 
limited to either symmetrically substituted alkenes or those delivered intramolecu- 
larly by tethers. Neither of the cases embodies a regiochemical issue. However, 
there has been a systematic study of the regiochemical (and stereochemical) 
course of intermolecular cycloaddition of unsymmetrical alkenes to cyclic nitro- 
nates (84). The substituted dipolarophiles employed in this study are illustrated in 
Chart 2.1. All dipolarophiles contain an electron- withdrawing substituent (ketone or 
ester) and the second substituent is a carbon, silicon, or oxygen functional group (in 
both configurational forms). The results, collected in Table 2.29, reveal a decreasing 
preference for the head-to-head approach as a function of the (3- 

substituent in the order H > Si > C > O. Since the observed selectivities are incon- 
sistent with the presumed steric effects of the substituents, as well as the FMO 
analysis, other predictive tools were investigated. There is a good correlation 
between the regioselectivity of the dipolarophile and its polarity index (P) (Fig. 
2.11) (95). This value is the ratio of the relative charge densities of the a and P 
carbon of the olefin, based on HF/6-31G* calculations. This model has subse- 
quently been shown to predict the observed regioselectivity for other disubstituted 
alkenes (84). 
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TABLE 2.29. REGIOSELECTIVITY AND ELECTROSTATIC CHARGES 
OE DTPOT , AROPHTT .es 32-38 




+ 




Dipolarophile 


Product 


a:b 


Electrostatic 
Atomic Charge 
[C(a)] 


Electrostatic 
Atomic Charge 

[C(P)] 


[C(a)+1]/ 
[C(p) + 1] 
(P) 


log (a/b) 


32 


40 


1:0 










33 


41 


32:1 


-0.22 


-0.42 


1.34 


1.51 


34 


42 


2.4:1 


-0.42 


-0.33 


0.87 


0.38 


35 


43 


2.1:1 


-0.51 


-0.28 


0.67 


0.32 


36 


44 


1:1.7 


-0.64 


0.12 


0.32 


-0.23 


37 


45 


1:2.7 


-0.68 


0.31 


0.24 


-0.43 


38 


46 


0:1 


-0.76 


0.36 


0.18 






Figure 2.11. Plot of the polarity index vs log (stereoselectivity). 
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2.2.2. Stereoselectivity 

2.2.2. 1. Intermolecular Cycloadditions 



In addition to the regioselectivity of the cycloaddition, there also exists a 
question of stereoselectivity. This issue involves the location of the substituent X 
on the dipolarophile in either an exo or endo fashion (Scheme 2.3). In the case of 
simple alkyl nitronates bearing an electron-withdrawing substituent, the stereo- 
selectivity is highly dependent on both the nature of the dipolarophile and the 
configuration of the nitronate (Scheme 2.5) (96). In the case of nitronate 47, either a 
mixture of diastereomers or only the exo adduct is observed. However, the cyclo- 
addition of maleic anhydride with 47 provides only the endo stereoisomer (97). 

The stereoselectivity of monosubstituted dipolarophiles has also been studied 
with cyclic nitronates (Table 2.30) (84). In most cases, an exo selectivity was 
observed. The ratio between the endo and exo adducts can be correlated to the size 
of the substituents on the dipolarophile. Because of the endo preference observed 
with acrolein, it is believed that there is a slight electronic preference for the endo 
orientation in the transition state, in the absence of steric hindrance. In line with 
these results is the observation that, for 49, maleic anhydride reacts with complete 
exo selectivity, in contrast the cycloaddition with 47 (69). 

INDO and HF/6-31G* calculations suggest that secondary orbital interaction of 
the dipolarophile and the lone pair of electrons on the dipole nitrogen would favor 
the endo isomer (43,93). Since this result is not typically observed experimentally, 
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TABLE 2.30. STEREOSELECTIVITY OBSERVED EOR THE CYCLOADDITION 
OE 49 WITH VARIOUS DIPOLAROPHILES 




G * = (lS,2i?)-2-phenylcyclohexyl 



R“ 


Product 


dr (a:b)* 


C02?-Bu 


50 


11.4:1 


COiMe 


51 


6.5:1 


COMe 


52 


6.2:1 


COCH 2 OTDS 


53 


5:1 


COCH 2 OB 11 


54 


5.7:1 


CH 2 OH 


55 


1.3:1 


CHO 


56 


1:2 



“Thexyldimethylsilyl = TDS. 
*diasteromeric ratio = dr. 



it is suggested that stereoselectivity must be sterically driven. Calculation of the 
enthalpy of formation of the two possible cycloadducts shows less than 1-kcal/mol 
stabilization of the exo isomers, however, B3LYP/6-31G* calculation shows a 
preference for the exo transition state by 5.88 kcal/mol (93). This result supports 
both the belief that the exo approach of the dipolarophile is preferred and that these 
reactions are not reversible. 

2.2.2. 2. Intramolecular Cycloadditions 

The stereoselectivity in intramolecular nitronate cycloadditions is primarily 
controlled by the nature of the tether to the dipolarophile, in the absence of addi- 
tional directing groups. In these cases, the exo (XIII) and endo (XIV) approach of 
the dipolarophile is described in terms of the fold of the tether (Fig. 2.12). Because 
of geometrical restrictions and tether-nitronate interactions, the length of the tether 
has the greatest impact on the approach of the alkene. In the case of acyclic, silyl 
nitronates, a three-atom tether provides 99: 1 stereoselectivity, while the correspond- 
ing four-atom tether only provides a 2.6:1 mixture (Table 2.31) (98). Because of the 
rapid migration of the silyl group, both nitronate configurations must be addressed. 
For the shorter tether, the major isomer results from an endo approach of the tether 
to a (Z)-conhgured nitronate, whereas the minor isomer is produced by an exo 
approach of the tether to an (£)-conhgured nitronate. However, molecular models 
show no signihcant differentiation between the two transition structures. By 
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Figure 2.12. Exo and endo modes for intramolecular [3 + 2] cycloadditions. 



lengthening the tether to four atoms, the stereoselectivity decreases, but is still 
proposed to be the result of an endo approach of the dipolarophile. 

The combination of the geometrical preference of the tether and the stereo- 
chemical preference of the dipolarophile substituent can be seen in the intramole- 
cular cycloadditions of alkyl nitronates, (Scheme 2.6) (99). When the tether is 
restricted to two atoms, only the endo approach of the tether is observed in up to a 
100:1 ratio, independent of the configuration of the disubstituted dipolarophile. 
However, in the case of a three-atom linker, there exists a matched and mismatched 
case with respect to the observed stereoselectivities. With a (Z)-conhgured dipo- 
larophile, only the exo isomer was observed since the ester moiety also approaches 
on the exo to the nitronate. However, with an (£’)-configured dipolarophile, the ester 
group is forced to approach in an endo manner to accommodate an exo approach of 
the tether, thus leading to lower selectivity. 



TABLE 2.31. STEREOSELECTIVITY IN THE INTRAMOLECULAR CYCLOADDITION 
OE SILYL NITRONATES 




(57)-(62) (a) (b) 



Entry 


Dipole 


r' 


r“ 


n 


Product 


dr (a:b) 
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57 


Ph 


H 


5 


63 


99:1 


2 


58 


4-MeOC(,H4 


H 


5 


64 


99:1 


3 


59 


i-Pr 


H 


5 


65 


99:1 


4 


60 


Ph 


Me 


5 


66 


95:1 


5 


61 


Ph 


H 


6 


67 


1:2.6 


6 


62 


4-MeOC(,H4 


H 


6 


68 


1:2.6 
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(69): R' = C02Me, R" = H (70a) /(b) = 100/1 

(71): R' = H, R" = C02Me (72a) /(b) = 20/1 
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(76a) /(b) = 100/1 

Scheme 2.6 



2.2.3. Mechanism 

Several computational studies have addressed whether the dipolar cycloaddition 
of nitronates is a concerted or stepwise process (93,100). Natural population 
analysis reveals that their is very little zwitterionic character in the transition state. 
The formation of the C— C bond marginally precedes the C— O bond on the basis of 
calculated bond lengths and orders in the transition structure. These calculations 
also show that the reaction is a concerted process that is slightly asynchronous. In 
addition, the cycloaddition likely proceeds through an early transition state and is 
overall an exothermic process. 

2.3. SILYL NITRONATES 

2.3.1. Preparation 

The first generation of a silyl nitronate was described in a report on the general 
silylating ability of trimethylsilyldiphenylurea (77, Eq. 2.4) (17). In this case, the 
silylation of nitromethane resulted in the formation of bis(trimethylsilyl)methazo- 
nic acid (79). Presumably this dimer arose from the condensation between the 
intermediate silyl nitronate 78 and excess nitromethane. With substituted nitro 



(73): R' = C02Me, R“ = H 
(75): R' = H, R° = C02Me 
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Scheme 2.7 



compounds, this self-condensation is not a problem. The silyl urea 77 is effective in 
synthesizing the silyl nitronates of dimethylnitromalonate, methyl nitroacetate, and 
dinitromethane (Scheme 2.7) (16,25). However, nitroalkanes lacking these electron- 
withdrawing groups have been shown to be incompatible. Instead, bis(trimethylsi- 
lyl)acetamide (80) provides the corresponding silyl nitronates in nearly quantitative 
yields (20). This method, though, requires elevated temperatures and has not been 
demonstrated for alkyl groups larger than propyl. 
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A more common method for the preparation of silyl nitronates is the use of 
trimethyl silyl chloride (TMSCl) in the presence of a base. With triethylamine, silyl 
nitronates are prepared from primary nitroalkanes in moderate yields; however, it is 
necessary to conduct the silylation in acetonitrile for good yields with secondary 
nitroalkanes (18,101). In several cases, this silylation has been done in the presence 
of the dipolarophile for both inter- and intramolecular processes, or the nitronate 
has been used in subsequent reactions without purification (18,22). Employment of 
l,8-diazabicyclo(5.4.0)undec-7-ene (DBU) as the base allows this procedure to be 
general for most nitroalkanes (19). 
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There are also several variations on this procedure. The use of trimethylsilyl 
triflate (TMSOTf) provides the silyl nitronate of methyl nitroacetate in good yield. 
However, for primary nitroalkanes, a second silylation occurs at the a-position of 
the nitronate (Eq. 2.5) (102). The use of TMSCl in the presence of lithium sulfide 
provides good yields of silyl nitronates from secondary nitroalkanes (103,104). 
Unfortunately, the number of examples is limited and this procedure is not 
applicable to primary nitroalkanes. 



TMSO. +,0“ 

N 

l-L ^TMS 

T (2.5) 

R 

(XV) (XVI) 

It has also been demonstrated that the nitronate salt can also be trapped with 
various chlorosilanes. For example, the silver salt of methyl nitromalonate can be 
effectively silylated with TMSCl (16). Alternatively, deprotonation of a nitroalkane 
with lithium diisopropylamide (EDA) results in the lithium nitronate, which upon 
addition of TMSCl, provides the corresponding silyl nitronate (105). This method 
proceeds in good yields in the cases of primary nitro compounds; however, the 
yields are significantly lower for secondary nitroalkanes. Nitronate salts have also 
been prepared by the addition of nucleophiles to nitroalkenes (98,106). Both allylic 
alkoxides and allylic Grignard reagents have been used for this purpose (Eq. 2.6 
and 2.7), which has also been extended to the use of the lithium salts of nitro- 
methane, acetonitrile, acetone, ethyl acetate, and methyl phosphonate (Scheme 2.8) 
(107). Upon addition of a silylation agent, the corresponding cycloadduct occurs 
upon warming to room temperature. This approach is hampered by side reactions 
when bulky nitroalkenes are used. 
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2.3.2. Cycloadditions of Silyl Nitronates 

The [3 + 2] cycloaddition of silyl nitronates has been extensively investigated 
since the first pioneering studies by Ioffe et al. (16). This transformation is attractive 
because of the resulting isoxazolidine can be easily converted to the corresponding 
isoxazoline for which a myriad of transformations are known. Moreover, this 
procedure provides yields and selectivities different from those of the nitrile oxide 
[3 + 2] cycloaddition, which affords the isoxazoline directly. The reaction of silyl 
nitronates has been briefly reviewed in fhe context of the chemistry of nitronic acid 
derivatives (27,30). 

This section shall consider the effects of substitution on both the nitronate as 
well as the dipolarophile, as they relate to both the inter- and intramolecular 
versions of the dipolar cycloaddition. Also included will be a discussion of facial 
selectivity in the reaction of a chiral dipolarophile. 

2.3.2.I. Intermolecular Cycloadditions 

The dipolar cycloaddition of monosubstituted silyl nitronates with methyl 
acrylate proceeds smoothly to provide the corresponding isoxazolidine (Table 2.32) 
(18,24,25). In the case of simple alkyl substitution, longer reaction times or elevated 
temperatures are necessary (entries 2 and 3). However, yields of the resulting 
isoxazolidines increase as a function of increasing alkyl chain length, which is 
likely due to increased stability of the nitronate and not greater reactivity. The effect 
of substitution on the dipole has been investigated only with electron-withdrawing 
groups (entries 4 and 5). The incorporation of either a methoxycarbonyl or a 
trifluoromethyl group leads to increased reactivity of the nitronate. 

The nitronates derived from secondary nitroalkanes suffer from greatly 
decreased reactivity (Table 2.33). The reaction of the silyl nitronate of methyl 
nitromalonate with methyl acrylate proceeds in 96 h at room temperature (entry 1), 
while the corresponding monosubstituted nitronate (85) proceeds in 1 h (entry 5, 
Table 2.32) (16). Nitronates with dialkyl substitution typically require elevated 
temperatures for complete reaction (101). For example, the silyl nitronate of 
2-nitropropane and nitrocyclopentane both react in under 3 h at 50 °C in acetonitrile 
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TABLE 2.32. DIPOLAR CYCLOADDITIONS OF MONOSUBSTITUTED SILYL NITRONATES 
WITH METHYL ACRYLATE 



O 




Entry 


Dipole 


r' 


Product 


Temp (°C) 


Time (h) 


Yield (%) 


1 


78 


H 


86 


20 


18 


57 


2 


82 


Me 


87 


80 


0.5 


64 


3 


83 


Et 


88 


20 


72 


86 


4 


84 


CF3 


89 


20 


16 


71 


5 


85 


COzMe 


90 


14 


1 


96 



with methyl acrylate (entries 2 and 3, Table 2.33). Nitronates bearing larger groups 
such as that of 4-nitropentanoate require 80 °C over several hours, and provide 
moderate yields of the cycloadduct (entry 4). 

The influence of the silyl group on the reactivity of the nitronate was found to be 
negligible (16). Competition studies between trimethylsilyl and triphenylsilyl 
nitronates showed the two dipoles to be equally effective in performing [3 + 2] 
cycloadditions. 

The steric and electronic properties of the dipolarophile have a large impact on 
the rate and yield of the cycloaddition. In the case of simple monosubstituted 
silyl nitronates, the [3 + 2] cycloaddition proceeds smoothly with dipolarophile s 
bearing electron-withdrawing or conjugating groups (Table 2.34) (20,101,108,109). 

TABLE 2.33. DIPOLAR CYCLOADDITION OF DISUBSTITUTED SILYL NITRONATES WITH 
METHYL ACRYLATE 



O 




(6), (14), (91)-(92) (93)-(96) 



Entry 


Dipole 


r' 


r" 


Product 


Temp (°C) 


Time (h) 


Yield (%) 


1 


6 


C02Me 


C02Me 


93 


20 


96 


80 


2 


14 


Me 


Me 


94 


50 


1 


93 


3 


91 


-(CH2)4- 


95 


50 


2.5 


96 


4 


92 


Me 


(CH2)2C02Me 96 


80 


3 


85 
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TABLE 2.34. DIPOLAR CYCLOADDITIONS OF ALKYL SUBSTITUTED NITRONATES WITH 
VARIOUS DIPOLAROPHILES 



TMSO. + .0“ 
N 

A 

(14), (82)-(83) 




p-TsOH 



(R“ = H) 




Entry 


Dipole 


r' 


r" 


RlII 


RiV 


Product 


Temp (°C) 


Time (h) 


Yield (%)“ 


1 


14 


Me 


Me 


COjMe 


H 


93 


50 


1 


93 


2 


14 


Me 


Me 


CN 


H 


97 


50 


2 


96 


3 


14 


Me 


Me 


CHO 


H 


98 


20 


1 


60 


4 


83 


Et 


H 


COMe 


H 


99 


20 


12 


67'' 


5 


83 


Et 


H 


COEt 


H 


100 


20 


12 


58'' 


6 


83 


Et 


H 


CH=CH2 


H 


101 


20 


72 


30'’ 


7 


82 


Me 


H 


C02Me 


H 


102 


80 


0.5 


64 


8 


82 


Me 


H 


Ph 


H 


103 


80 


2 


69 


9 


82 


Me 


H 


C02Me 


Me 


104 


50 


48 


30 



“ Yield of isoxazolidine. 

* Yield of corresponding isoxazoline. 



In addition, phenylsufonylallene (110), a,P-unsaturated phosphonates (111), and 
alkenes with perfluorinated substituents (112) are all useful dipolarophiles. The 
yields observed with methyl 2-propenoate are significantly lower than those with 
the corresponding acrylate (entries 7 and 9), because of the additional substituent. 
On the other hand, the dipolar cycloadditions with either ethyl vinyl ether, 
1 -hexene, cyclohexene, or a trisubstituted dipolarophile provide the corresponding 
isoxazolidines in either low yields or not at all (18). 

A similar effect of the dipolarophile substituents is observed in the cycloaddi- 
tions of the nitronate derived from trifluoronitroethane ( 84 , Table 2.35) (24) In the 
absence of electron-withdrawing groups on the alkene, poor yields of the cycload- 
ducts are obtained (entries 2 and 3). In addition, methyl substitution at either the a 
or p position of the dipolarophile significantly decreases both the rate and yield 
(entries 5 and 6). Similar results are observed with nitronates bearing with ester or 
nitro groups (16,25,26,34). 

Heteroatomic dipolarophiles are competent in the dipolar cycloaddition of nitro- 
nates. The in situ generated thioaldehydes and thioketones react with silyl nitronate 
120 to afford the 1,4,2-oxathiazolidine in good yield (Table 2.36) (113-116). 




120 



Nitronates 



TABLE 2.35. EFFECT OE STERIC BULK ON THE DIPOLAR CYCLOADDITION 
OE SILYL NITRONATES 



R‘^ ^R' 



TMSO. + ,0“ 

N 

II r’ 

CF3 — 

(84) 



benzene 




Entry 


r' 


r" 


rIII 


Product 


Time (h) 


Yield (%) 


1 


H 


H 


COzMe 


89 


16 


80 


2 


H 


H 


n-Bu 


105 


120 


20 


3 


H 


H 


Ph 


106 


40 


39 


4 


H 


H 


COMe 


107 


16 


86 


5 


Me 


H 


COzMe 


108 


16 


48 


6 


H 


Me 


COzMe 


109 


16 


0 



23.2.2. Facial Selectivity 



Only a few attempts to control the facial selectivity of this [3 + 2] process are on 
record, all dealing with the use of chiral, non-racemic dipolarophiles (117). The 
reactions of a vinyl substituted cephem (121) with the silyl nitronates derived from 
nitromethane, nitroethane, and nitropropane proceed over 3 days at room tempera- 
ture to provide a single stereoisomer in moderate yields, Eq. 2.8 (118,119). 
Approach of the simple nitronate to the dipolarophile is believed to be from the 
less hindered a-face, however, the conhguration of the newly created stereocenter 
could not be unambiguously assigned. 

TABLE 2.36. DIPOLAR CYCLOADDITIONS OP A SILYL NITRONATE 
WITH HETERODIPOLAROPHILES 



TBSO^ +^0 

N (120) 




(110)-(114) (115)-(119) 



Entry 


Dipolarophile 


r' 


R" 


Product 


Yield (%) 


1 


110 


H 


H 


115 


73 


2 


111 


H 


I-Bu 


116 


93 


3 


112 


H 


CH=CH2 


117 


92 


4 


113 


H 


(CH2)2Ph 


118 


91 


5 


114 




-(CH2)h- 


119 


90 
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In a second report on the use of chiral dipolarophiles, the cycloadditions of silyl 
nitronates with 123 and 124 provide modest facial selectivity (Table 2.37) (35). 
Unfortunately, the yields of the cycloadducts are only moderate because of the 
steric bulk of the dipolarophile. 



TABLE 2.37. DIPOLAR CYCLOADDITIONS WITH A CHIRAL, 
NON-RACEMIC DIPOLAROPHILE 




(123) , R' = Me 

(124) , R' = OEt 




+ 




Entry 


r' 


Dipole 


R" 


Product 


Yield (%) 


dr (a:b) 


1 


Me 


82 


Me 


128 


47 


83:17 


2 


Me 


125 


HOCH 2 


129 


71 


94:6 


3 


Me 


126 


(MeO)2CH 


130 


75 


88:12 


4 


OEt 


127 


HOCH 2 


131 


42 


87:13 
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TABLE 2.38. SELECTIVITIES OBSERVED IN THE DIPOLAR CYCLOADDITION OE SULTAM 
DERIVED DIPOLAROPHILES 




(133), R' = Me 



o o 




Entry 


r' 


Dipole 


r" 


Product 


Yield (%) 


dr (a:b) 


1 


H 


78 


H 


136 


96 


89:11 


2 


H 


82 


Me 


137 


95 


89:11 


3 


H 


134 


M-Pent 


138 


94 


90:10 


4 


H 


135 


Ph 


139 


81 


85:15 


5 


Me 


82 


Me 


140 


a 


67:33 



“ Yield not reported. 



A second strategy to control facial selectivity involves the use of chiral sultams 
and lactams as auxiliaries for the dipolarophile (120-123). Cycloaddition of 132 
with a variety of substituted nitronates provides up to 9:1 selectivity of the major 
diastereomer (Table 2.38). However, substitution at the a-position of the dipolar- 
ophile leads to a reduction in stereoselectivity (entry 5). Assuming an s-cis 
conformation of the dipolarophile, it is proposed that the major isomer arises 
from an endo approach of the nitronate to the Re face of the dipolarophile 
(Fig. 2.13). This is supported by X-ray crystallographic analysis of one of the 
cycloadducts, which resides in a conformation similar to the proposed transition state. 
However, this analysis assumes that the silyl nitronate is only reacting through the 




Figure 2.13. Proposed transition state for chral sultam derived dipolarophiles. 
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(E) configuration. The dipolar cycloaddition of 141 with a silyl nitronate shows a 
slight increase of facial selectivity over 132 (Eq. 2.9). Because the cycloadducts are 
converted directly to the corresponding isoxazolines, only the facial selectivity can 
be determined. It is believed that the cycloaddition proceeds on the Re face of the 
dipolarophile due to shielding of the Si face by the auxiliary. Both chiral auxiliaries 
can be liberated from the cycloadduct upon reduction with L-Selectride. 





(2.9) 



2.3.23. Intramolecular Cycloadditions 



The intramolecular cycloaddition of a silyl nitronate bearing a dipolarophilic 
appendage provides easy access to fused, bicyclic isoxazolidines (22). This process, 
in general, is very facile, and has allowed the use of unfunctionalized alkenes as 
dipolarophile s (Table 2.39) (106,124). Thus, a silyl nitronate bearing an allyl group 
will undergo the [3 + 2] cycloaddition at room temperature over 15 h to provide the 
corresponding isoxazoline upon acidic workup in moderate yield. 

The type of atoms in the tether have little effect on the cycloaddition process. 
Both alkyl (98,125-127) and ether tethers (128-131) have been extensively 
investigated and provide similar levels of reactivity. In addition, thioethers (132), 
amines (133), silanes (134), and silyl ketals (135) are all compatible with the 
dipolar cycloaddition. 

TABLE 2.39. INTRAMOLECULAR DIPOLAR CYCLOADDITION OF SILYL NITRONATES 




Me 

(144)-(146) (147)-(149) 



Entry 


Dipole 


X 


Product 


Yield (%) 


1 


144 


O 


147 


74 


2 


145 


s 


148 


89 


3 


146 


C(C02Me)2 


149 


84 




124 
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TABLE 2.40. SUBSTITUTENT EEEECTS ON THE INTRAMOLECULAR CYCLOADDITION 
OE SILYL NITRONATES 



TMSO. +.0“ 

N Riii 




(1) [3+2] 



(2) HCl or 
TBAF 



Ph 




Entry 


Dipole 


r' 


r“ 


rIII 


n 


X 


Temp (°C) 


Time (h) 


Product 


Yield (%) 


1 


57 


H 


H 


H 


5 


CH 2 


20 


15 


63 


66 


2 


60 


Me 


Me 


H 


5 


CH 2 


60 


48 


66 


53 


3 


61 


H 


H 


H 


6 


CH 2 


60 


15 


67 


62 


4 


150 


H 


H 


Me 


5 


0 


20 


47 


152 


69 


5 


151 


Ph 


H 


H 


5 


OSi(Ph)20 


80 


312 


153 


23 



Both the length of the tether and the substitution of the dipolarophile effect the 
rate of the dipolar cycloaddition (Table 2.40) (98,106,135). Cyclization of a four 
atom tether provides the desired 6,5-bicyclic system upon heating to 60 °C for 15 h 
(entry 3), whereas cyclization to a seven-membered ring with a phenyl-substituted 
dipolarophile requires 80°C for 13 days (entry 5). However, methyl substitution on 
the dipolarophile leads to much lower reactivity in the cycloaddition. The addition 
of a single methyl group at the terminus of the alkene increases the reaction time up 
to 48 h at room temperature (entry 4), whereas elevated temperature is necessary for 
complete reaction when two methyl groups are present (entry 2). Substitution at the 
internal position of the alkene also leads to longer reaction times. Attempts to 
incorporate an electron-withdrawing group on the dipolarophile was thwarted by 
the intervention of a competitive Michael type addition (Eq. 2.10) (106). 







K+f-BuO“ 
THE / -98 °C 




( 2 . 10 ) 



(154) , EWG = C02Me 

(155) , EWG = CN 



(156) , 5 min, 72% 

(157) , 120 min, 50% 



The use of alkynes has been investigated in the context of intramolecular 
nitronate cycloadditions (130). In this case, the starting material is consumed in 
24 h at room temperature, however, the corresponding isoxazoline is not isolated 
(Table 2.41). Instead, the intermediate cycloadduct undergoes a fragmentation 
which, following the loss of the nitroso moiety, leads to an a,P-unsaturated 
aldehyde. 
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TABLE 2.41. INTRAMOLECULAR SILYL NITRONATE CYCLOADDITIONS WITH ALKYNES 



TMSO. + .0“ 
N 




(158H161) 




Entry 


Dipole 


r' 


r" 


n 


Product 


Yield (%) 


1 


158 


Ph 


H 


5 


162 


98 


2 


159 


Ph 


Me 


5 


163 


92 


3 


160 


H 


Me 


5 


164 


97 


4 


161 


Ph 


H 


6 


165 


21 



2.3.3. Nitroso Acetal Functionalization 



The A-silyloxy-isoxazolidine (XIX) provides several opportunities for further 
elaboration. One of the more common transformations is the elimination of silanol 
from the isoxazolidine (Scheme 2.9), which results in the formation of isoxazolines 
(XX), which are also prepared from the [3 + 2] cycloaddition of nitrile oxides 




Scheme 2.9 
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(30,136,137). The elimination proceeds rapidly at room temperature with a 
catalytic amount of acid or fluoride, however, it has also been observed to occur 
upon distillation of the isoxazolidine (16,18). Because of the facile elimination, 
several procedures have been developed in which the reaction is quenched with an 
acidic agents, and the isoxazoline is isolated directly (108). Isoxazolines are useful 
in the preparation of (3-hydroxy ketones and amino alcohols (138). 

The convergence of the nitronate and nitrile oxide cycloadditions has allowed for 
the direct comparisons of yields and stereoselectivities of the two processes. For 
intramolecular reactions, the nitronate dipole typically required longer reaction 
times and/or elevated temperatures (22,98,135), however, the nitronate cycloaddi- 
tion shows considerably higher diastereoselectivity (Table 2.42). Interestingly, the 
diastereoselectivity is dependent on the placement of a substituent on the tether. In 
the case of the silyl nitronate derived from 172 , the diastereoselectivity is controlled 
by the substituent at C(l), while cyclization of the analogous nitrile oxide is 
governed by the substituent at C(l') (Scheme 2.10) (124). 

Cleavage of the isoxazolidine ring can also be effected directly to give similar 
products as the isoxazoline. Upon the addition of methoxide to an isoxazolidine 
bearing a hydrogen at C(3), fragmentation reveals a (5-hydroxy oxime, which can be 
further hydrolyzed to the corresponding ketone (16,20,34,108). The P-hydroxy 



TABLE 2.42. DIASTEREOSELECTIVITIES OBSERVED WITH NITRONATES AND NITRILE 
OXIDE CYCLOADDITIONS 




Entry 


Dipole 


R 


X 


Product 


Method 
A“ (dr, a;b) 


B* (dr, a;b) 


1 


166 


i-Pr 


S 


169 


99; 1 


1;1 


2 


167 


Ph 


s 


170 


99; 1 


3;2 


3 


168 


4-MeOCeH4 


C(C02Me)2 


171 


99; 1 


1;5 



“ Method A: TMSCl, Et 3 N, benzene; rt, 48 h. 

* Method B: phenyl isocyanate, Et 3 N, benzene; rt, 48 h. 
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phenyl isocyanate, 47 53 " " 

Et 3 N, benzene; 
rt, 48 h 

Scheme 2.10 

ketone can be obtained directly by treatment with aqueous TiCls (Scheme 2.11) 
(18,20,101). Alternatively, reduction with borane or with Raney Ni under an 
atmosphere of H 2 provides the amino alcohol in moderate yield. In addition, 
several fragmentations have been observed depending on the substitution of the 
isoxazolidine. In the case of XXV, treatment with fluoride provides the correspond- 
ing ketones by fragmentation of the isoxazolidine ring (Scheme 2.12) (114). 
Alternatively, the treatment of 174 with fluoride provides the oxime 175 by a 
rearrangement through the adjacent vinyl group (Scheme 2.13) (127). 

2.3.4. Applications 

As synthetic equivalents of (3-hydroxy ketones and amines, isoxazolidines 
provide access to important synthetic building blocks. However, there have been 





(XXI) 



Scheme 2.11 
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(XXV) 



Scheme 2.12 



O 

A 

(XXVI) 



few applications of the silyl nitronate cycloaddition in the context of natural 
product synthesis. The racemic syntheses and formal syntheses of several naturally 
occurring cyclopentanones has been accomplished involving the base catalyzed 
cyclization of the corresponding P-hydroxy ketone (108,139). 

The high diastereoselectivity observed in the intramolecular silyl nitronate 
cycloaddition allows for the synthesis of ( + )-iridomyrmecine and (— )-actinidine 
(Scheme 2.14) (126,140). Cyclization of both silyl nitronates derived from ( + )-p- 
citronellene and (— )-citronellol, respectively, provide a single diastereomer. Frag- 
mentation and rearrangement of the nitroso acetal in the presence of fluoride 
provides the corresponding oximes. In the case of 180 , the sulfide substituent allows 
for access to the aldehyde upon fluoride cleavage of the isoxazolidine ring. The 
oximes 181 and 183 can then be elaborated to the target natural products. 

As noted previously, the use of chiral sultam auxiliaries provides access to ena- 
ntiomerically enriched isoxazolines. These products can be elaborated to provide 
nonactic acid and 8-ep/-nonactic acid, the subunits of nonactin (Scheme 2.15) 
(141-143). Subsequent cleavage of the isoxazoline ring in the presence of Raney 




Scheme 2.13 
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Scheme 2.15 
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nickel, followed by directed reduction of the ketone moiety, provides the diol 186. 
Subsequent functionalization provides 8-epi-nonactic acid (187). By following the 
same procedure, ( + )-nonactic acid can be prepared from the opposite enantiomer 
of the chiral sultam. Finally, these units are coupled to provide nonactin. 



2.4. ALKYL NITRONATES 

2.4.1. Preparation of Acyclic Nitronates 

2.4. 1.1. Alkylation 



The preparation of nitronates by 0-alkylation of nitro groups was first reported 
in 1894, wherein activated nitro compounds were found to react with diazoalkanes 
(Eq. 2.11) (8,9). However, the use of diazo compounds for the preparation of 
nitronic esters is limited to highly acidic nitro compounds in combination with 
either diazomethane or diazoethane (37,39,144,145). The configuration of the 
resulting nitronate is slightly dependent on the substituent on the nitro compound, 
but the (Z/E) ratio is typically not >70:30, usually in favor of the (Z) isomer. A 
more general procedure involves the combination of the sodium nitronate salt (146) 
with trialkyloxonium tetrafluoroborates (147) to provide the desired alkyl nitronate 
(Eq. 2.12) (40,144,148). By this method, both strongly acid nitro compounds as 
well as unfunctionalized nitroalkanes are smoothly converted to nitronates. How- 
ever, if the process is carried out at elevated temperature, the corresponding oximes 
are obtained (149). Since the tetrafluoroborate salt must be prepared from the 
corresponding alkyl ether and its boron trifluoride etherate, this procedure has only 
been employed to prepare methyl and ethyl nitronic esters. 



N 02 

EWG'^EWG 


RCHN 2 


RCH 2 O. -t-.O” 

N 

X 

EWG EWG 






(2.11) 


(XXVII) 




(XXVIII) 




EWG = NO 2 , C02Me, CN, CfOfNHj 






NaO. + ^0 
N 


r’jO+bff 


R- 30 ... 0 - 




'1 


o°c 


'1 


(2.12) 
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(XXIX) 




(XXX) 





R’ = Me, Et 
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The intermolecular alkylation of metallo nitronates with various alkyl halides 
is limited. The addition of methyl iodide to the silver salt of an aryl nitro- 
methane provides the corresponding methyl nitronate in moderate yield 
(Eq. 2.13) (150), which has also been extended to the silver salt of trinitromethane 
(Scheme 2.16) (151-153). However, in the case of primary halides, both O- and 
C-alkylation are observed. For secondary and tertiary halides, only 0-alkylation is 
observed, but in low yields. Unfortunately, under the reaction conditions, the 
starting alkyl halide can undergo dehydrohalogenation to provide the cor- 
responding alkene, which then undergoes [3-1-2] cycloaddition with the alkyl 
nitronate. 




Treatment of sodium and potassium nitronates with alkyl halides typically 
results in the formation of oximes and carbonyl compounds by cleavage of the N— O 
bond (11). In one case, however, reaction of «-butyl bromide with the potassium salt 
of nitro ester 191 does afford the n-butyl nitronate ( 192 , Eq. 2.14) (154). 



AgO.+,0 .0. +.0 

N RCH2-X N 

jl (N02)3C-CH2R + 

02N N02 

(190) 



X 



A 

02N NO2 



(XXXI) 



R^ 




02N N02 

(XXXII) 



R' 



III 



R 



R' 



III 

.R” 




III 






Scheme 2.16 
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KO. +.0“ 

N 

[J n-BuBr 

n^/^^<r^C02Et 74% 

H 

Omenthyl 
(191) 

An alternative to activating the nitro moiety by forming the nitronate salt is the 
activation of an oxygen leaving group under Mitsunobu conditions (Eq. 2.15) 
(155,156). Treatment of methanol with diethyl azodicarboxylate and triphenyl- 
phosphine in the presence of ethyl nitroacetate provides the nitronate 85 in good 
yield. Unfortunately, only methanol has been demonstrated to be compatible with 
this procedure. 



n-BuOv + 
N 




COoEt 



Omenthyl 

(192) 



(2.14) 



NO 2 

I + CH 3 OH 

^C02Et 



MeO. + .O- 



PPhc, 






C02Et 



(2.15) 



(85) 



2.4. 1.2. Trinitromethane Derivatives 



Trinitromethane derivatives have found considerable use for the functionaliza- 
tion of alkenes. Eor example, tetranitromethane will transfer a nitro group in the 
presence of ethylene, generating an ion pair, which can collapse by combination of 
one of the oxygen atoms of the trinitromethide anion with the carbocation, forming 
197 (Scheme 2.17). The resulting nitronate then undergoes [3-1-2] cycloaddition 
with the ethylene remaining in solution to provide the corresponding isoxazolidine 
( 198 ) in moderate yield (157-159). This process is also successful with vinyl and 
allyl ethers (160), and other substituted alkenes (161-165). However, this trans- 
formation is highly dependent on the structure of the alkene. With trisubstituted and 
some disubstituted alkenes, C-alkylation of the trinitromethide anion is observed, 
199 , along with several other reaction pathways. If the intermediate carbocation is 
stabilized by one or more substituents, then only C-alkylation is observed (166,167). 
The same process is operational for trinitromethane derivatives where X = I (168- 
171), F (172), or CN (173). 

The interaction of trinitromethide salts with alkenes has also been investigated 
(174). In aprotic solvents, trinitromethide anions undergo extrusion of a nitro group 
to produce a dinitrocarbene (Scheme 2.18). In the presence of monsubstituted 
alkenes a formal [3 -I- 2] cycloaddition produces a nitronate that then further reacts 
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(N02)3C-X 



(193) , X = NO 2 

(194) , X = I 

(195) , X = F 

(196) , X = CN 



CH2 

II 

CH2 
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+ 





R“ 

RlII 




O2N NO2 
(197) 

CH2 

II 



CH2 



(N02)3C- 

+ 



X RI 




X RI 

> (-C(N02)3 (199) 

RlII rII 

+ other products 




Scheme 2.17 



in a second [3 + 2] cycloaddition to form nitroso acetal 205 . However, with a 
disuhstituted alkene, cyclization leads only to the cyclic nitronate in low yield. 



2.4.13. Acylation 



Nitroalkanes are easily functionalized with a variety of acylating agents such as 
phenyl isocyanate, acetic anhydride, and ethyl chloroformate in the presence of a 



(N02)3C-M > 

(200) , M = K 

(201) , M = Cs 

(202) , M = SiMej 

(203) , M = Sn(n-Bu )3 



(N02)2C: 




o:+,o‘ 

N 



If. 



NO2 




Scheme 2.18 
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(205) 
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(207) 



Scheme 2.19 



base. With primary nitroalkanes, the intermediate nitronates are converted directly 
to the corresponding nitrile oxide in most cases (175). One exception is reported 
where an intramolecular [3 + 2] cycloaddition of 206 proceeds before elimination of 
the carbamate, however, only the isoxazoline is isolated (Scheme 2.19). The 
presence of the nitronate in the cycloaddition is supported by differences in the 
cis : trans ratios of products in comparison to other methods for generating nitrile 
oxides (36,176). The acylation of secondary nitroalkanes has been investigated, but 
not in the context of dipolar cycloadditions (177-186). 

2.4.2. Preparation of Cyclic Nitronates 

2.4.2. 1. Alkylation 



The intramolecular alkylation of nitronate salts has found much more wide- 
spread application than the intermolecular version. In the case of y or 8-halogenated 
nitro compounds, cyclization in basic medium provides the corresponding five- or 
six-membered cyclic nitronate (Eq. 2.16) (57,63,187-189). This process works best 
with nitroalkanes bearing an electron-withdrawing group at the a-position. In the 
absence of an electron-withdrawing group, the resulting nitronates were found to be 
unstable and are best functionalized in situ upon the addition of an alkene (190). A 
similar process is observed upon the activation of y- 5-hydroxy nitro compounds 
under Mitsunobu conditions (155). 
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(2.16) 



Reaction at the C atom of nitronate salts is known with a variety of electrophiles, 
such as aldehydes (Henry reaction) and epoxides (191-193). Thus the incorporation 
of the nitro moiety and the cyclization event can be combined into a tandem 
sequence. Addition of the potassium salt of dinitromethane to an a-haloaldehyde 
affords a nitro aldol product that can then undergo intramolecular 0-alkylation to 
provide the cyclic nitronate (208, Eq. 2.17) (59). This process also has been 
expanded to a-nitroacetates and unfunctionalized nitroalkanes. Other electrophi- 
les include functionalized a-haloaldehydes (194,195), a-epoxyaldehydes (196), 
a-haloenones (60), and a-halosulfonium salts (197), (Chart 2.2). In the case of 
unsubstituted enones, it is reported that the intermediate nitronate salt can undergo 
formation of a hemiacetal, which can be acetylated in moderate yield (198). 

O 

Cl^ 

(N02)2CHK i 



In an analogous manner, nitroalkenes can be utilized as the electrophile in a 
tandem coupling-cyclization process (Eq. 2.18). Addition of a stabilized sulfonium 
ylide such as 209, to a variety of nitroalkenes provides an intermediate nitronic 
acid, which upon displacement of dimethyl sulhde provides a mixture of the 
corresponding nitrocyclopropane (XL) and cyclic nitronate (XLI). The ratio of 
products is highly dependent on the structure of the nitroalkene. For example, 
without a substituent on the a-position of the nitroalkene (R^*^ = H), only the 




(XXXVI) (XXXVII) (XXXVIII) (XXXIX) 




Chart 2.2 
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cyclopropane is observed. However, with 1-nitrocyclopentene, only the nitronate 
product is observed (62). 




2. 4. 2. 2. [4+2] Cycloaddition of Nitroalkenes 



Nitroalkenes can also be converted to nitronates by direct combination with an 
alkene. The nitronate is formed as a result of a [4 + 2] cycloaddition of the electron- 
dehcient nitroalkene, wherein one of the N— O bonds of the nitro group participates 
as part of the An fragment (Eq. 2.19) (89). Because of the electron-dehcient nature 
of the heterodiene, alkenes react in the order: electron rich > electroneutral > 
electron poor. Therefore, the majority of dienophiles investigated are enamines 
(52,71,199-207) and vinyl ethers (99,208-213). 



o:+.o 

N 





head-to-head 



head-to-tail 



(2.19) 



The thermal cycloaddition generally takes place at room temperature over 
extended periods of time, however, it was found that this process can be promoted 
by stoichiometric amounts of a Lewis acid (208). To engage unactivated dienophiles 
at reasonable temperatures, Lewis acid activation was found to be essential (74). 

The reaction of vinyl ethers and enamines with nitroalkenes is highly regiose- 
lective, with only the head-to-head adduct observed. The endo approach of the 
dienophile is preferred in the thermal cycloaddition, however, the mode of approach 
can be controlled by the choice of the Lewis acid promoter (214). Lacial 
discrimination has been obtained by the use of chiral groups on the both the 
nitroalkene (215,216) and the enamine (217) or vinyl ether (218), as well as with 
chiral Lewis acids (46,66,94,219,220). 
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As a consequence of the complimentary electron demand of the nitroalkene and 
the product nitronate, there exists the possibility of a one-pot, tandem reaction. In 
this case, the nitroalkene will react preferentially with the electron-rich alkene to 
produce an intermediate nitronate. This nitronate can then react with a second 
alkene bearing an electron-withdrawing substituent. Therefore subjection of the 
nitroalkene 210 to both ethyl vinyl ether and acrylonitrile provides only the nitroso 
acetal 211 in moderate yield (Eq. 20) (70). Moreover, this also allows the possibility 
of intramolecular variants of the process. 



NO2 



EtO 



CO,Me 



1 



Ph 



(210) 




DMF = dimethylformamide 

( 2 . 20 ) 



2.4.23. Radical Cyclization 



Cyclization of nitro-stabilized radicals provides another method for the genera- 
tion of cyclic nitronates (221). Oxidation of the aci-form of nitroalkanes with ceric 
ammonium nitrate generates the a-carbon centered radical, which in the presence of 
an alkene, leads to the homologation of the a-radical. In the case of a tethered alkene 
of appropriate length, radical addition leads to a cyclic nitronate (Scheme 2.20). 
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Scheme 2.20 
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2.4.3. Cycloadditions of Alkyl Nitronates 

The wide variety of methods for the preparation of alkyl nitronates, gives rise 
to a broader diversity of structures compared to silyl nitronates. Alkyl nitro- 
nates can be grouped into two subclasses, acyclic and cyclic. Both subclasses 
participate in dipolar cycloadditions with similar reactivity, however, minor diff- 
erences are manifest in their stability and stereoselectivity. Additionally, the ability 
to prepare cyclic nitronates allows access to a wide variety of novel, multicyclic 
ring structures. 



2.4. 3.1. Intermole cular Cycloadditions 

Despite the availability of methods for the preparation of higher alkyl nitronates 
from simple nitroalkanes, only the methyl derivative of nitromethane has been 
investigated. The reaction of methyl acrylate or methyl crotonate with the in situ 
generated nitronate 214 proceeds slowly over extended periods of time to provide 
the corresponding nitroso acetal in low yield (Eq. 2.21) (148). Similar observations 
are found with the analogous cyclic nitronate 217, wherein the reaction with methyl 
acrylate does not proceed at all, while the addition of styrene provides a small 
amount of cycloadduct after three days (entry 2, Table 2.43) (190). In both 
instances, the nitronate likely suffers from a lack of stability. However, the 
corresponding methyl-substituted nitronate 218 provides increased stability, and 
therefore higher yields upon the addition of an alkene. The reactivity of the dipole 
can also be increased by the addition of an alkoxy group at the six-position of the 
nitronate (entry 5) (222). Upon combination of methyl acrylate with the nitronate 



TABLE 2.43. CYCLOADDITIONS OF THE UNFUNCTIONALIZED CYCLIC NITRONATES 




G* = (lS,2R)-2-phenylcyclohexyl 



Entry 


Dipole 


r' 


r" 


RlII 


Product 


Yield (%) 


1 


217 


H 


H 


COzMe 


220 


2 


2 


217 


H 


H 


Ph 


221 


21 


3 


218 


H 


Me 


COzMe 


222 


85 


4 


218 


H 


Me 


Ph 


223 


80 


5 


219 


OG* 


H 


COzMe 


224 


81 
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219 , the dipolar cycloaddition proceeds in 20 h at room temperature to provide a 
good yield of the bicyclic cycloadduct as a mixture of diastereomers. 



0 





R 



(214) 



(215) , R = H; 8% 

(216) , R = Me;2% 



( 2 . 21 ) 



The influence of electron-withdrawing and electron releasing groups on the 
reactivity of the corresponding nitronate has been investigated with aryl substituted 
nitronates (Table 2.44) (76,223). Nitro groups were found to be the most beneficial, 
providing the cycloadduct in good yield. With other electron-withdrawing groups, 
an increase in reactivity is also observed. Qualitatively, ester and nitro substituted 
nitronates react faster than the corresponding aryl nitronates, however, these also 
suffer slight decreases in yield (Table 2.45) (75,78,224-226). Interestingly, the rate 
of cycloaddition of a dicarboalkoxy nitronate is greatly enhanced, but only 
moderate yields are observed (entry 5). 

A similar trend of reactivity is observed for the corresponding cyclic nitronates 
(Table 2.46) (57,227). However, since these are disubstituted nitronates, the 
reactions are typically slower than the acyclic counterparts. 

The structure of the dipolarophile is also a very important component. The most 
widely utilized dipolarophile s are monosubstituted alkenes bearing an electron- 
withdrawing group. A survey of dipolarophiles shows good compatibility with 
activated monosubstituted alkenes (Table 2.47) (224). Less activated alkenes such 




Entry 


Dipole 


X 


Time (h) 


Product 


Yield (%) 


1 


225 


OMe 


7 


228 


37 


2 


226 


H 


4 


229 


34 


3 


227 


NO 2 


7 


230 


77 
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TABLE 2.45. SUBSTITUENT EEEECTS OF ACYCLIC NITRONATES 



O 



MeO. +,0 
N 

A 



(4), (47), (231)-(233) 




MeO. 



N 



-O 



R‘ 



O 

t 

OMe 






(234)-(238) 



Entry 


Dipole 


r' 


R“ Temp (°C) 


Time (h) 


Product 


Yield (%) 


1 


231 


C02Me 


H 


rt 


24 


234 


74 


2 


4 


NO 2 


H 


rt 


18 


235 


65 


3 


232 


S02Ph 


H 


60 


4 


236 


70 


4 


47 


CN 


H 


0 


96 


237 


48 


5 


233 


C02Me 


C02Me 


rt 


2 


238 


52 


TABLE 2.46. SUBSTITUENT EEEECTS OF CYCLIC NITRONATES 












0 

n 














0 

/A 




c 


T'O ,0 










Ul ■ 






OMe 








X 




X 










(5), (239)-(240) 






(241)-(243) 






Entry 


Dipole 


X 


Temp (°C) 


Time (h) 


Product 


Yield (%) 


1 


239 


Ph 


80 


35 


241 


10 


2 


240 


C02Me 


rt 


312 


242 


47 


3 


5 


NO 2 


rt 


12 


243 


73 



TABLE 2.47. REACTION OE 231 WITH VARIOUS 
DIPOLAROPHILES 

,R 



MeO. +^0 
N 



r 



MeO. 



N 



-O 



COzEt 

(231) 



EtO,C 



R 



(234), (244)-(247) 



Entry 


R 


Time (h) 


Product 


Yield (%) 


1 


Ph 


70 


244 


65 


2 


CH 2 CI 


70 


245 


76 


3 


COMe 


30 


246 


78 


4 


CN 


30 


247 


76 


5 


C02Me 


38 


234 


90 
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TABLE 2.48. REACTION OE 49 WITH VARIOUS DIPOLAROPHILES 




G* = (IS,2R)-2-phenylcyclohexyl 



Entry 


R 


Temp (°C) 


Time (h) 


Product 


Yield (%) 


1 


C02Me 


rt 


6 


51 


86 


2 


C02?-Bu 


rt 


2.5 


50 


91 


3 


COMe 


rt 


1.5 


52 


88 


4 


COCH 2 OTDS 


rt 


4 


53 


90 


5 


CHO 


rt 


3.5 


55 


62“ 


6 


CH 2 OH 


80 


1.5 


56 


81 



“ Overall yield after reduction with NaBH 4 . 



as styrene and allyl chloride require longer reaction times and provide decreased 
yields (entries 1 and 2). 

In the case of unactivated cyclic nitronates, elevated temperatures are necessary. 
Reaction of a variety of enones with the nitronate 49 proceeds smoothly at room 
temperature over several hours, whereas allyl alcohol requires 1.5 h at 80 °C 
(Table 2.48) (84). The resulting nitroso acetals are produced in good yields as 
mixtures of diastereomers. 

The cycloaddition of substituted acrylates has been investigated with cyclic 
nitronate 24 (Table 2.49) (14). The cycloaddition of a 1,1-disubstituted dipolar- 
ophile (entry 2), proceeds in good yield, but both 1,2-disubstituted alkenes fail to 
react. The effect of substitution pattern on the dipolarophile was investigated with a 
slightly more reactive nitronate (Table 2.50) (228). Less sterically demanding 
alkenes such as cyclohexene, cyclopentene, and methyl substituted styrenes react, 
albeit at elevated temperature. The only exception is the 1,1-disubstituted alkene 
(entry 4), which reacts at room temperature. Both stilbene and dimethyl fumarate 
fail to provide the desired cycloadduct. In a rare example of the dipolar cycloaddi- 
tion of tetra-substituted alkenes, tetramethylethylene reacts at 50 °C over 3 days to 
give a small amount of the cycloadduct (entry 7). 

The reactivity of diactivated alkenes depends greatly on the configuration of the 
dipolarophile. With nitronate 231, (Z)-diactivated alkenes react at 0 °C or room tem- 
perature over several days, while an (Z?)-substituted alkene takes 14 days (Table 2.51) 
(97). By comparison to the cycloaddition of the monosubstituted dipolarophile 
(entry 5, Table 2.47), there is only a slight increase in reaction time for the (Z)-alkenes. 
This trend can also be seen, though not a drastically, in the dipolar cycloadditions of 
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TABLE 2.49. INFLUENCE OF DIPOLAROPHILE SUBSTITUTION 




Entry 


r' 


r" 


Product 


Yield 


dr 


1 


H 


H 


248 


59 


5:1 


2 


Me 


H 


249 


71 


1:1 


3 


H 


Me 


250 


0 




4 


H 


Ph 


251 


0 





TABLE 2.50. EFFECT OF DIPOLAROPHILE SUBSTITUTION OF THE CYCLOADDITION WITH 5 




(5) (252)-(258) 



Entry 


Dipolarophile 


Temp (°C) 


Time (h) 


Product 


Yield (%) 


1 


0 


50 


48 


252 


37 


2 


o 


50 


4 


253 


53 


3 


Me 


50 


15 


254 


38 


4 


Ph^ 


rt 


72 


255 


33 




Me 










5 


Ph^p, 






256 


0 


6 


MeO^C^^COzMe 






257 


0 




Me^^Me 










7 


1 


50 


72 


258 


12 




Me^^Me 
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TABLE 2.51. CYCLOADDITION WITH DIACTIVATED DIPOLAROPHILES 
MeO 



(231) (259)-(262) 



Entry 


Dipolarophile 


Temp (°C) 


Time (d) 


Product 


Yield (%) 


1 




0 


3 


259 


67 


2 


Me 


0 


3 


260 


59 


3 


o=<^ )>=o 

MeO OMe 
CN 


rt 


2 


261 


40 


4 


NC 


rt 


14 


262 


53 



- + . 0 “ 

N 



MeO, 



dipolarophile 



N 



-O 






COoMe 



Me02C 







R 



III 



R'' 



49 . Reaction with methyl acrylate proceeds in 6 h at room temperature, while 
dimethyl maleate takes over 10 h to go to completion (Eq. 2.22) (69,84). 




(49) 



(51), R = H, 6 h, 86% 

(263), R = C02Me, 10.5 h, 88% 



( 2 . 22 ) 



The [3 + 2] cycloaddition of terminal alkynes has been investigated with several 
dipoles. These dipolarophiles are competent in the cycloaddition, however, the 
corresponding isoxazolines cannot be isolated. Instead, the cycloadduct undergoes 
spontaneous rearrangement to provide acylaziridine products (Table 2.52) (229). 
Disubstituted alkynes also undergo this process, however, in lower yield. This 
rearrangement occurs with all nitronates studied (Chart 2.3) (66,230,231). 

Because the dipolar cycloaddition is a bimolecular process, there exists the 
opportunity to accelerate the reaction under high pressure (232,233). The reaction 
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TABLE 2.52. CYCLOADDITIONS OF ALKYNES 



MeO. + ,0 
N 

"^COjEt 



R 



rt, 1—5 days 




EI02C 



MeO 



O 



EtO^C 



M 



(231) 



(264)-(268) 



Entry 


R 


Product 


Yield (%) 


1 


COMe 


264 


83 


2 


C02Me 


265 


74 


3 


Ph 


266 


46 


4 


CH 2 CI 


267 


55 


5 


CH 2 OH 


268 


52 



of the nitronate 231 to a steroid derived trisubstituted alkene at 14 kbar provides the 
desired cycloadduct after 18 h at ambient temperature (Eq. 2.23) (234). The same 
reaction run at 1 bar provides only 2% of the desired product. 




(2.23) 



This pressure effect was also observed in the tandem cycloaddition nitroalkene. 
Combination of methyl acrylate with 2-nitrostyrene and ethyl vinyl ether 
proceeds at 15 kbar over 1 h to produce a mixture of diastereomeric nitroso acetals 
(Eq. 2.24) (83,235,236). 




Chart 2.3 
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( 272 ) 



(2.24) 

The only reported [3 + 2] cycloaddition between a nitronates and a heterodipol- 
arophile results from the decomposition of 3 (Eq. 2.25) (223). Upon elimination of 
formaldehyde, the resulting oxime can undergo reaction with remaining 3 , which 
provides the compound 273 , following elimination of water. 




O. + .0“ 

ON 

li. 

Ph 



(3) 



O 

II 

-CH2 





-H20 



Ph' 



N 



-O 

/^Ph 

'N 



(2.25) 



( 273 ) 



Interestingly, furoxanes ( 274 ) have also been shown to be competent dipoles for 
the [3 + 2] cycloaddition. These compounds result from a dimerization of the 
corresponding nitrile oxide (Eq. 2.26) (237-241). Under elevated temperatures, the 
addition of a dipolarophile results in the cycloadduct 275 . This intermediate is 
unstable under the reaction conditions and undergoes a retro- [3 + 2] cycloaddition 
to reveal a nitronate. In the presence of excess dipolarophile, the reaction proceeds 
to provide bicyclic isoxazolidines in moderate yield. 



-O. + 0“ 

N N 
W II 



f 



C02Me 



xylene, 



Et02C C02Et reflux, 24 h 

( 274 ) 



.0, 

N N-O 



-RCN 



COoMe 



Et02C C02Et 
( 275 ) 



+ Q 



EtO,C 



C02Me 



r 



C02Me 



72% 



Me02C 







C02Me 



CO,Et 



( 276 ) 



( 277 ) 



(2.26) 




146 



Nitronates 



2.4. 3.2. Facial Selectivity 



The number of investigations on the enantioselective dipolar cycloaddition of 
nitronates is still rather limited. In the case of simple alkyl nitronates, the facial 
selectivity is controlled solely by the steric environment about the two faces of the 
chiral unit. For example, the reaction of steroid dipolarophile 270 proceeds with the 
nitronate approaching the Re face of the alkene (Eq. 2.23) (234). The 
facial selectivity is controlled by the C(19) methyl group, which blocks the Si 
face of the dipolarophile. Similarly, exposure of 279 to ethyl acrylate at 40 °C for 
24 h, provides a single nitroso acetal (Scheme 2.21) (242). The facial selectivity is 
presumed to arise from steric shielding by the menthol group, however the full 
stereostructure has not been established. 

The majority of asymmetric dipolar cycloadditions have been investigated in the 
context of the tandem [4 + 2]/[3 + 2]-nitroalkene cycloaddition. The chiral nitronate 
is prepared by using either a chiral nitroalkene, vinyl ether, or Lewis acid in the 
first cycloaddition. The acetal center at C(6) of the nitronate provides important 
steric and electronic effects that control the subsequent dipolar cycloaddition. 
Subsequently, in the cycloadditions of the chiral nitroalkenes 281 and 284 , the 
dipolarophile approaches from the side distal to that of the substituent at C(4) and 
the acetal center at C(6) (Eq. 2.27 and Table 2.53) (90,215). 




(283) 



(2.27) 
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(280) 

Scheme 2.21 



Similar facial selectivity has been observed in nitronates derived from chiral 
vinyl ethers (69), as well as from nitronates prepared with a chiral Lewis acid, which 
lack any bias from a chiral auxiliary (66). Even in the absence of a substituent at 
C(4), as in the nitronate 287, there remains a high facial selectivity upon the 
addition of a dipolarophile (Eq. 2.28) (84). Both RHF and B3LYP calculations 
for the approach of a dipolarophile to the nitronates 289 and 290 show at least a 

TABLE 2.53. FACIAL SELECTIVITIES WITH A SUGAR-BASED AUXILIARY 




Entry 


EWG 


Time (day) 


Product 


Yield (%) 


dr (a:b) 


1 


COMe 


6 


284 


70 


1:0 


2 


C02Me 


4 


285 


79 


19:1 


3 


CN 


4 


286 


70 


6:1 
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0.9 kcal/mol preference for the formation of a chair-like transition structure 
(Fig. 2.14). Therefore, if the cyclic nitronate is held in one of two possible 
twist-boat conformations (e.g., by an acetal center as in nitronate 290 ), facial 
selectivity can be observed. In the case of nitronates 281 and 284 (Eq. 2.27, 
Table 2.53), the steric bias provided by the nitronate enhances the stereoelectronic 
facial bias. When these two forces oppose each other as with nitronate 291 , the 
facial selectivity depends on the size of the dipolarophile (Scheme 2.22). With 
dimethyl maleate, approach is observed distal to the acetal substituent. However, 
with a bulkier dipolarophile ( 292 ) the facial selectivity is governed by the 
substituent at C(4). 






n-BuO^ 


r°'N'V 

^V>CO,Ma 


C02Me 




^ COjMe 

(288a) 


''C02Me 




H- 


rt, 17 h 


n-BuO^ 


^ 0 ^ o 

1 { ’>"'C02Me 






H C02Me 






(288b) 
(a:b), 7:1 



(2.28) 



2.4.33. Intramolecular Cycloadditions 



The intramolecular dipolar cycloaddition of nitronates has remained relatively 
underexplored in comparison to the intermolecular variant. In the case of acyclic 
nitronates, there are only a few reports of an intramolecular nitronate cycloaddition 
(36,176,177). However, the intermediate nitroso acetal decomposes to the isoxazo- 
line due to the presence of HCl in the reaction mixture (Scheme 2.19). 

The intramolecular cycloadditions of cyclic nitronates have received much more 
attention. The cyclic nitronate structure provides three basic modes of intramole- 
cular cycloaddition (Fig. 2.15). Attachment of the tether to the C(3) position of the 
nitronate results in the formation of a spiro system (spiro mode). However, if the 
tether is appended to the C(4) position of the nitronate, the dipolar cycloaddition 
yields a fused ring system (fused mode). Finally, if the tether is attached at any 
other point of the cyclic nitronate, the cycloadducts obtained will consist of bicyclic 
structures (bridged mode). 
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"Oxair-like IIS" "lUwi-like TS" 




a (0 kcal iiiol) I) (2,9-5 .4 kcal iihiI ) 



Figure 2.14. Computaional examination of the facial selectivity of nitronates. 




dr = 2.5:1 
(293) 



Scheme 2.22 



dr= 8:1 
(294) 
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Figure 2.15. Subclasses of the inter [4 + 2]/intra [3 + 2]-tandem cycloadditions. 



By far the most investigated family of intramolecular cycloadditions is the fused 
mode. The effect of the tether length and dipolarophile geometry have been 
examined in the case of nitronate possessing an all-carbon tether (Scheme 2.23) 
(99). In the case of a two atom tether, the [3 + 2] cycloaddition proceeds upon 
quenching the Lewis acid promoter necessary for the [4 + 2] cycloaddition when the 
configuration of the dipolarophile is trans. This result is from a matched case for the 
mode of approach for both the electron-withdrawing group and the tether 
(see Section 2 . 22.2 for further discussion of stereochemical consequences). 
The mismatched case reacts smoothly at elevated temperature. The formation of 




(69), (71), (73), (75) 



Scheme 2.23 
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six-membered rings requires elevated temperature, but the same trend is observed 
for the matched and mismatched cases. Attempts to form seven-membered rings 
have thus far failed. The use of unactivated dipolarophiles has also been successful, 
though longer reaction times or elevated temperatures are necessary (85). In 
addition to carbon tethers, both ester linkages and silyloxy tethers are compatible 
with the dipolar cycloaddition (194,243-250). 

In the case of the bridged mode intramolecular cycloadditions, there are two 
subsets that have been investigated, differing in the attachment of the tether. 
Nitronates bearing the dipolarophile attached to C(6) require heating at 110°C 
for complete reaction (Scheme 2.24) (251). However, the incorporation of an 
alkoxy group at C(6) leads to longer reaction times and variable yields (86). The 
length of time and temperature is dependent on the configuration of the nitronate. 
For 299, complete reaction is obtained in 1 1 h, while 24 h at a higher temperature is 
necessary for 297. Since it is likely that the allyl group will only react while in an 
axial position, the conformational mobility of the nitronate will determine the 
reaction rate (Fig. 2.16). The nitronate 297 resides mostly in conformer LI to 
position the phenyl group in a pseudo-equatorial position while maintaining the 
alkoxy group in an axial position to provide anomeric stabilization. These two 
influences are opposed in 299, and therefore it is easier to access the reactive 
conformer LIII (i.e., lower reaction temperatures). 

The dipolar cycloaddition of nitronates bearing a dipolarophile at C(5) are 
slightly more facile than their C(6) bridged counterparts (Eq. 2.29) (87,252). Again, 








Scheme 2.24 
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(LII) (LIV) 

Figure 2.16. Proposed conformations of nitronates bearing and C(6)-bridged tether. 



this process is highly dependent on the configuration of the nitronate. However, the 
observed reactivities cannot be explained by simple conformational analysis, and 
are dependent on substituents present on the nitronate. 




(2.29) 



In both bridged cases, chiral vinyl ethers have been utilized to prepare 
diastereomerically enriched nitronates (86,253). Since only a single atom tether 
has been investigated for two bridged modes, the facial selectivity of the dipolar 
cycloaddition is completely controlled by the configuration of the nitronate at the 
point of attachment. 

The placement of the tether at the C(3) position of the nitronate provides 
access to the spiro mode of dipolar cycloadditions. This class has been evaluated 
for the preparation of five- and six-membered spiro ring systems (Table 2.54) (254). 
The dipolar cycloaddition proceeds in good yields with mild heating, however, the 
three-atom tether proceeds faster than the four-atom tether. 

Since the dipolarophile is not predisposed toward one face of the dipole at 
the point of attachment, the facial selectivity is governed by the configuration of 
the acetal center on the starting nitronate. As with the intermolecular case 
(Section 2.4. 3. 2), the preferred approach of the dipolarophile is distal to the acetal 
substituent. Lower facial selectivity is observed in the case of a four-atom tether, 
presumably due to the additional heating involved in driving the reaction to 
completion. 
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TABLE 2.54. SPIRO MODE INTRAMOLECULAR CYCLOADDITIONS 








(301)-(304) 






(305)-(308) 




Entry 


Dipole 


n 


7} 


z " 


Product 


Yield (%) 


dr (facial) 


1 


301 


5 


COzMe 


H 


305 


76 


35:1 


2 


302 


5 


H 


C02Me 


306 


62 


10:1 


3 


303 


6 


COzMe 


H 


307 


84 


21:1 


4 


304 


6 


H 


C02Me 


308 


64 


3 . 5:1 



2.4.4. Nitroso Acetal Functionalization 

Despite the presence of two, relatively weak, N— O bonds (~53 kcal/mol) (255) 
nitroso acetals are stable under neutral conditions. Therefore, a number of 
transformations can be performed on the periphery of the cycloadducts without 
effecting the nitroso acetal. These include both oxidation of alcohols, dihydroxyla- 
tion of alkenes (247,248,256), Tamao-Fleming type oxidation (248-250), reduc- 
tions of ketones and esters (244,257-261), silylation and desilylation (247,257, 
260), and activation with a variety of sulfonylating agents (247,248,257-260). 

The nitroso acetal is nonetheless a labile function, and several transformations 
can be carried out selectively on this group (Scheme 2.25). Treatment of a nitroso 
acetal of the type LV with heat, a mild protic source, or boron trifluoride etherate 




Scheme 2.25 
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A'nh oh 




(LVIII) 



results in the elimination of the alkoxy moiety to form the corresponding isoxazoline 
XX (90,216,224,262). However, the reaction of highly functionalized nitroso acetals 
with mild acid tends to lead to additional rearrangements (263). If the nitroso acetal 
bears an electron-withdrawing group at the C(3) position, treatment with aqueous 
base also leads to elimination of methanol (59,75). Further transformations of XX 
are discussed in Section 2.3.3. The exposure of LV to strongly acidic conditions 
leads directly to the (3-hydroxy ketone XXI (77,144,223). 

The reductive cleavage of the nitroso acetal by catalytic hydrogenolysis is one of 
the most useful transformations of this functional group. Raney Ni is the most 
commonly employed catalyst at various pressures of hydrogen (89), however, 
several other agents have been used successfully (86,250). Cleavage of the N— O 
bonds provides the corresponding amino alcohol, or amino dlol in the case of cyclic 
nitronates (Scheme 2.26). However, for nitroso acetals of the type LVII, collapse of 
the in situ generated hemiacetal, followed by reductive alkylation of the free amine, 
results in the formation of pyrrolidine type products LVIII. If an ester or suitably 
functionalized leaving group is also present in the molecule, acylation or alkylation 
of the intermediate amine is also possible, providing bicyclic lactams or amines, 
respectively (Scheme 2.27). These skeletons correspond to the core structures of 
pyrrolizidine and indolizidlne alkaloids. 

2.4.5. Applications 

In view of the multicomponent nature of the tandem [4-1-2] / [3-1- 2] cycloaddi- 
tion, the potential for a combinatorial approach to the synthesis of nitroso acetals 
has been investigated on solid-phase supports. The incorporation of either the 
dipolarophile or the starting nitroalkene on a Wang-type resin is compatible with 
the tandem cycloaddition promoted at high pressures (Schemes 2.28 and 2.29). The 
solid-supported nitroso acetals are subsequently liberated (in moderate yields from 
the staring nitroalkene) upon the addition of a catalytic amount of potassium 
cyanide in triethylamine and methanol or by reduction with lithium aluminum 
hydride (LAH) (261,264). 




2.4. Alkyl Nitronates 



155 




Scheme 2.27 



The dipolar cycloaddition of nitronates has been applied to the synthesis of 
several natural products in the context of the tandem [4 + 2] / [3 + 2] nitroalkene 
cycloaddition process. All of these syntheses have focused on the construction of 
pyrrolidine, pyrrolizidine, and indolizidine alkaloids. For example, the synthesis of 
(— )-hastanecine ( 316 ), a necine alkaloid, involves the elaboration of a P-benzoy- 
loxynitroalkene 311 via [4 + 2] cycloaddition with a chiral vinyl ether ( 312 ) in the 
presence of a titanium based Lewis acid, to provide the nitronate 313 with high 
diastereo- and facial selectivity (Scheme 2.30) (69). The dipolar cycloaddition of 



r 



OEt 




(309) 



Scheme 2.28 
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313 with dimethyl maleate proceeds to give 314 as a single diastereomer. Cleavage 
of the nitroso acetal with Raney Ni and hydrogen, followed by several functional 
group manipulations provides the target alkaloid in only six step from available 
starting materials. Similar intermolecular dipolar cycloadditions have also been 
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Scheme 2.30 
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(+)-macronecine (+)-petasinecine (-)-7-epiaustraline 




(+)-casuarine (— )- 1 -epicastanospermine 

Chart 2.4 



Ph 




t-Bu Vbu t-Bu Vbu 

(319) (320) 

OH 



(+)-castanospermine 

OH 
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featured as key steps in the syntheses of other natural and nonnatural alkaloids 
(Chart 2.4) (222,257-260). 

The intramolecular dipolar nitronate cycloaddition has also been exploited in 
several total syntheses of more complex alkaloids. The general strategy is 
illustrated in the synthesis of ( + )-castanospermine ( 321 ) (Scheme 2.31) (247). In 
this case, the nitronate is generated hy Lewis-acid-promoted cycloaddition of the 
functionalized nitroalkene 317 with chiral vinyl ether 312 . The regio- and stereo- 
chemical course of the [3 + 2 ] cycloaddition is controlled by the silylene ketal tether 
that bears the dipolarophile. The resulting nitroso acetal 318 contains four of the 
hve stereogenic centers in (-l-)-castanospermine, three of which are created by the 
complete facial and exo selectivity in the dipolar cycloaddition. Further functio- 
nalization of the nitroso acetal involves dihydroxylation of the remaining alkene, 
followed by activation of the primary alcohol and cyclization initiated by hydro- 
genolysis with Raney nickel. Simple deprotection then reveals the target alkaloid. 
Related strategies have been employed using various tethering groups for the 
successful, enantioselective syntheses of highly functionalized alkaloids (Chart 2.5) 
(243-248,265,266). 








HO 
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(+)- 1 -epiaustraline 



Chart 2.5 
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2.5. CONCLUSION AND OUTLOOK 



Although clearly the most underdeveloped of the C— N— O dipoles compared to 
nitrones and nitrile oxides, nitronates have emerged in the last 20 years as versatile 
intermediates in organic synthesis. Perhaps their greatest advantage is the diversity 
of methods available for the preparation of nitronates from aliphatic and alkeneic 
nitro compounds. Further, they reside in a unique niche between nitrones and nitrile 
oxides in stability, but display rather comparable reactivity. Indeed, these important 
dipoles offer the reactivity of nitrile oxides together with the greater structural 
versatility associated with nitrones. Finally, the nitroso acetal cycloadducts repre- 
sent a fascinating class of compounds whose synthetic potential has hardly been 
explored. 

Whereas it is easy to foresee expanded application of nitronate cycloadditions in 
synthesis, important challenges still remain. For example, the potential of these 
reactions would benefit from the development of catalysts to accelerate the process. 
Moreover, asymmetric catalysis has only recently been successful in dipolar 
cycloaddition chemistry and would have a great impact here. Another important 
avenue would be the invention of new tandem processes that allow for the creation 
of nitronates from different precursors in the presence of dipolarophiles. 

It is hoped that by chronicling the 30-year history of nitronate cycloadditions, 
this chapter will stimulate these and still more imaginative applications throughout 
the synthetic organic enterprise. 
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As the complexity of synthetic targets from both natural and unnatural sources 
increases, so must the demands for solutions to the synthetic problems their 
construction poses. As such, development and refinement of established methodol- 
ogies continues. In particular, cycloaddition chemistry has continued to maintain its 
place as one of the cornerstones of modern organic chemistry, for the construction 
of mono- and polycyclic systems, as a consequence of being able to deliver high 
increases in molecular complexity from relatively simple and accessible precursors. 
One of the most important classes for 1,3-dipolar cycloaddition involves azo- 
methine ylides. For the construction of nitrogen-containing, five-membered hetero- 
cycles, such ylides represent the most conceptually simple and efficient method. 
Generation of the ylide, usually in situ, followed by dipolarophile attack, furnishes 
pyrrolidines and pyrrolines with operational simplicity. This chapter aims to inform 
the reader of the major advances made in this field from 1984 to date (1), equipping 
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the synthetically orientated chemist with the requisite knowledge to implement 
such methodology to the challenges posed by asymmetric and natural product 
synthesis. 



3.1. AZOMETHINE YLIDE GENERATION 



Although established methods for azomethine generation have proven to be both 
general and efficient, new procedures are constantly being divulged. These new 
methods are not only for ylide generation, but are also for new chemical equivalents 
and, by careful selection, the synthetic chemist has a wealth of technologies 
available. In particular, the use of fluorine mediated desilyation strategies has often 
proven to be the most reliable and probably the most commonly used method, with 
a plethora of recent publications. 

3.1.1. Silicon-Based Protocols 

Possibly, the most common protocols used in the generation of azomethine 
ylides are those based on the in situ, fluorine-mediated desilyation of cyanoami- 
nosilanes developed by Padwa et al. (2). Typically, treatment of precursor 1 with 
AgF, in the presence of dimethyl acetylenedicarboxylate (DMAD), led to the 
formation of the intermediate cycloadduct 2, which was subjected to immediate 
DDQ oxidation to give pyrrole 3. The mechanistic rationale invokes fluoride- 
mediated desilyation to form the intermediate anion 4, which then undergoes loss of 
cyanide furnishing the corresponding azomethine ylide (Scheme 3.1). 

The reaction protocol accommodates a range of singly and doubly activated 
alkynes and alkenes to furnish the expected cycloadducts in high yield. However, 
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unactivated dipolarophiles proved unreactive presumably due to too large a highest 
occupied molecular orbital (HOMO)-lowest unoccupied molecular orbital 
(LUMO) energy gap between dipole and dipolarophile. Unsymmetrical precursors 
5 and 6 also underwent ylide generation and subsequent cycloaddition with methyl 
propiolate to deliver a mixture of regioisomers 7 and 8 in an 8:1 ratio. Since both 
precursors furnish the same regioisomeric ratio of products, the implication is 
that the reaction does indeed proceed via an azomethine ylide intermediate 
(Scheme 3.2). 

The synthetic viability of this protocol was demonstrated by the efficient 
synthesis of an isoindole alkaloid from the Mexican sponge Reniera. a-Cyanosi- 
lylamine ( 9 ) was treated with AgF, in the presence of dipolarophile 10 to furnish the 
requisite cycloadduct in 68%. An advanced intermediate in the synthesis of nicotine 
was also prepared by cycloaddition of 11 with phenyl vinylsulfone giving the 
requisite adduct 12 in a 3:1 diastereomic mixture (Schem 3.3). 

Further studies into the construction of pyrrolo[l,2-a]indoles, however, revealed 
that the presence of a nitrile functionality was not essential to the reaction (3). 
Subjecting precursor 13 to ylide formation by AgF (it should be noted that this was 
the only reagent to induce cycloaddition to any extent) in the presence of N- 
phenylmaleimide surprisingly furnished adduct 14 in which the nitrile functionality 
was still intact. The reaction pathway was therefore assumed to proceed via initial 
formation of the silver bonded cation 15 , which after desilyation generated the 
requisite silver bound azomethine ylide. Cycloaddition followed by sequential loss 
of silver and a hydrogen delivered the observed products. Replacement of the nitrile 
moiety with alternative functionalities also generated the expected products in good 
isolated yields (Scheme 3.4). 




(8) 

Scheme 3.2 
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Scheme 3.3 



The reaction scope was extended to a range of dipolarophiles (3,4). Ylid 
generation and cycloaddition with DMAD led to the formation of adduct 16 , which 
can he reconciled by initial generation of the expected adduct followed by a 1,5-H 
shift. Reaction with either dimethyl furmarate or dimethyl maleate proceeded with 
complete stereospecificity, furnishing 17 and 18 , respectively (Fig. 3.1). 

Unsymmetrical dipolarophiles led to the formation a single regioisomeric 
product; acrylonitrile delivered adduct 19 exclusively while maleic anhydride 





Scheme 3.4 
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Figure 3.1 



underwent smooth cycloaddition, with subsequent hydrolysis and decarboxylation 
in situ, to form 20 (4) (Fig. 3.2). 

Dodd and co-workers (5) reported the first known synthesis of 11//- 
indolizino[8,7-/>]indoles by the cycloaddition reaction of a nonstabilized ylide 21 
and diethylacetylene dicarboxylate (DEAD). The azomethine ylide, formed by the 
alkylation of the 3, 4-dihydro- p-carboline ( 22 ) with trimethylsilyl methyl triflate to 
the triflate salt, followed by in situ desilyation with cesium fluoride, underwent 
cycloaddition with DEAD at low temperature. The expected major cycloadduct 23 
was isolated, along with quantities of a minor product 24 , presumed to have been 
formed by initial reaction of the ylide with 1 equiv of DEAD and the intermediate 
undergoing reaction with a further equivalent of DEAD before cyclization. Dodd 
offers no explanation for the unexpected position of the double bond in the newly 
generated five-membered ring, although it is most likely due to post-reaction 
isomerization to the thermodynamically more stable P-amino acrylate system 
(Scheme 3.5). 

Komatsu and co-workers (6) developed a more novel use of silicon during their 
studies on the rearrangements of silicon compounds. A-a-(Trimethylsilylbenzyl) 
amides underwent thermal rearrangement, in toluene, to furnish the azomethine 
ylides 25 , which underwent subsequent in situ cycloaddition. Using DMAD as the 
dipolarophile resulted in the adducts 26 , after subsequent loss of the silanol in 
excellent yield. For R = Ph or /7-MeOC6H4, yields were in the order of 70-75%, 
while R = PhCFI=CFI delivered the adduct in quantitative yield. The presence of 
the phenyl group a to the nitrogen proved essential, most likely due to its 
stabilization of the imine. The reaction was also performed with dimethyl maleate, 
resulting in a single product 27 in high yield. Although the product would seem to 
indicate that an unfavorable exo transition state to be the predominant reaction 
pathway, Komatsu and Ohshiro reasoned that the highly acidic nature of the proton 
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at C(3) could result in facile epimerization. Thus, if the reaction were to proceed by 
an endo transition state, then the anticipated cis/cis stereochemistry would ensue. 
Subsequent epimerization and loss of the silanol would give rise to the observed 
reaction products 28 (Scheme 3.6). 

A more recent report has outlined the use of a-silylimidates for the construction 
of aromatic pyrroles (7). Treatment of the precursor 29, with trifluorophenylsilane 
and DMAD furnished the adduct 30 in 97% yield after purification. The reaction 
was rationalized via quaternization of the imidate and subsequent intramolecular 
desilylation by fluorine to develop the ylide, which underwent in situ cycloaddition 
and subsequent aromatization delivering 30 (Scheme 3.7). 
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Similarly, replacement of DMAD with either Al-phenylmaleimide or dimethyl 
fumarate gave the expected adducts 31 and 32 as 1:1 mixtures of endo/exo 
products (Fig. 3.3). 

Similar work by Yoon et al. (8) made elegant use of a carbon-oxygen, silyl 
rearrangement process in ylide generation. Irradiation of the Al-silylalkylphthali- 
mide (33) in the presence of singly activated alkene dipolarophiles furnished, with 
total regio- and stereocontrol, cycloadducts of the type 34, where Z = CN or 
C02Me for R = H or COEt for R = Me. Acetone was also used as a dipolarophile, 
generating the adduct 35, again, with complete regiocontrol (Scheme 3.8). 

Pandey et al. (9) reported the first known example of a silver fluoride mediated, 
single-electron oxidation of disilylamines. Precursors 36, in the presence of AgF at 
room temperature, generated in situ, nonstabilized ylides, which underwent 
immediate in situ reaction with suitable dipolarophiles. The reaction mechanism 
was rationalized by invoking single electron oxidation of nitrogen, furnishing Ag(0) 
and a naked fluorine anion, which subsequently removed a TMS group. The process 
is then repeated, furnishing the azomethine ylide that reacted with dipolarophiles to 
quantitatively furnish cycloadducts 37-40. The reaction could also be conducted by 
irradiation of the precursor 36 in the presence of 1,4-dicyanonaphthalene (DCN) 




(31) 



Figure 3.3 
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Scheme 3.8 



and an excess of the requisite dipolarophile led to the isolation of the same products 
37-40 although in a somewhat reduced yield, typically 55-78% (Scheme 3.9). 

Pandey and Lakshmaiah (10) further extended their methodology to the 
construction of the indolizidine and pyrrolizidine hicyclic skeleta. The basic 
precursor 41 , which was realized in three straightforward steps, underwent double 
desilyation and subsequent cycloaddition with ethyl acrylate to furnish the two 
regioisomers 42 and 43 in essentially quantitative yield and in a 17:3 ratio. The 
major regioisomer was isolated in a 7:3 endo/exo ratio. Further elaboration of 
the major products where («=1) and (n = 2) delivered the natural products 
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(+/— )-trachelanthamidine ( 44 ) and l-aza-7-(hydroxymethyl)bicyclo[4.3.0]nonane 
( 45 ), respectively (Scheme 3.10). 

A similar double desilyation method has been reported by Torii et al. (11) and 
proceeds by single-electron oxidation, which is carried out electrochemically in an 
undivided cell, utilizing carbon electrodes in dimethylformamide (DMF) solvent 
with AcONa or KF as the electrolyte. The azomethine ylide was trapped under a 
variety of conditions, with dimethyl furmarate, smoothly furnishing a single trans- 
cycloadduct 46 in 47% optimized yield (Scheme 3.11). 

Alternative doubly and singly activated olefinic dipolarophiles also underwent 
cycloaddition, generating the products 47-49 in 27-61% yields, although attempted 
use of an a,p-unsaturated ketone furnished 50 in only 8% yield, while unactivated 
dipolarophiles were unreactive (Fig. 3.4). 

During extensive studies, the Katritzky group utilized benzotriazole chemistry as 
an azomethine ylide synthetic equivalent. Initial studies, with the simple bis 
substituted hydroxylamine ( 51 ) had furnished a wide range of cycloadducts, from 
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Figure 3.4 

the in situ generated nitrone 1,3-dipole (12). The syn stereochemistry of the product 
shown confirms that the reaction proceeds in a concerted fashion, indicative of the 
fact that a genuine cycloaddition process is occurring. However, analogous 
reactions with 52 as an azomethine ylide precursor generated hy oxidation of 
the equivalent Z7w(benzotriazole) ( 53 ) furnished only Michael addition products. 
The lack of cycloaddition products, even under acid catalysis, was explained by the 
relatively low acidity of the methylene protons. Thus, prototropic tautomerization 
of the imine to the ylide was not possible, due to the poor subsequent stabilization 
of negative charge by the benzotriazole group (Scheme 3.12). 

Since the dissociation of a-substituted amino benzotriazoles proved unsuccess- 
ful, efforts turned toward a more traditional method involving the thermolytic loss 
of an a-silyl group in refluxing toluene from the easily prepared synthetic precursor 
54 , with subsequent loss of the benzotriazole unit to induce neutrality (13). In situ 
trapping of the resultant ylide with electron-deficient alkenes generated a single 
adduct in high material yield, with retention of the olefinic configuration. The 
reaction was tolerant of a range of N-substitution in the ylide precursor, with simple 
alkyl, allyl, and cyclohexyl groups being incorporated into the final pyrrolidines 
(Scheme 3.13). 




Scheme 3.12 





Repetition of the reaction with DEAD as the dipolarophile furnished the desired 
cycloadduct 55 in 48% yield, but with 25% yield of the enamide 56 also being 
isolated. This was rationalized by invoking decomposition of the ylide precursor 57 
to the (trimethylsilylmethyl)silyl amine 58 , which undergoes subsequent addition to 
the highly reactive acetylene (Scheme 3.14). 

Tsuge et al. (14) outlined the use of A-silylmethyl thioureas as azomethine ylide 
precursors. Treatment of [2-methyl-3-(trimethylsilyl)]thiouronium triflates ( 59 , 
R = H, R' = Ph) with CsF in 1,2-dimethoxyethane (DME) and A-methylmaleimide 
led to the formation of a cycloadduct in 90% yield. The initial adduct 60 , however, 
could never be isolated and underwent in situ loss of MeSH to furnish the adducts 
shown, which represent formal aminonitrile ylide cycloadducts (Scheme 3.15). 

However, use of a less reactive reagent where [R = R'=(CH 2 ) 4 , (CH 2 )s, 
(CH 2 ) 20 (CH 2 ) 2 ] led to the isolation of products 61 and 62 , with a reduction in 
the yields of the desired cycloadducts. The product 62 arises from Michael addition 
of the liberated methanethiol to A-methylmaleimide. The protocol was further 
extended to olefinic dipolarophiles with dimethyl fumurate, dimethyl maleate, 
fumaronitrile, and 2-chloroacrylonitrile leading to the corresponding adducts, 
although these dipolarophiles proved somewhat less reactive with reduced yields 
being observed. Where applicable, the alkene configuration was reflected in the 
relative stereochemistry of the cycloadducts (Fig. 3.5). 

Similarly, Hosomi and co-workers (15) reported isothioureas as azomethine 
ylide equivalents. Both A-substituted and A-unsubstituted A-(trimethylsilylmethyl)- 
isothiourea precursors underwent cycloaddition reactions with carbonyl com- 
pounds, when treated with stoichiometric CsF to deliver a range of 2- 
iminooxazolidine derivatives. Typically, 63 (R^ = CN, R^ = H) furnished adduct 
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Figure 3.5 

64 (R* = CN, = H, R^ = 2,6-Cl2C6H4) with 2,6-dichlorobenzaldehyde in 84% 
yield. The reaction scope was further extended with 63 (R^ = CN or 4-MeC6H4S02, 
R^ = H or Me) and a wide selection of aromatic aldehydes to generate products 64 
in 45-86% yield. In each case, the reaction proceeded with complete regioselec- 
tivity (Scheme 3.16, Table 3.1). 

The protocol also tolerated the use of ketones and thioketones, furnishing 
products 65 and 66 , respectively, although a reduction in yield was observed 
(Fig. 3.6). 
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Fischwick has detailed a rapid synthetic approach to the imidazole based 
y-lactam alkaloid, (+/— ) cynometrine (67), isolated from the stem bark of 
Cynometm hankei, and which has been shown to be a potential analgesic (16). 
Cesium fluoride induced formation of the ylide, from precursor 68, followed by 
cycloaddition to alkene 69 furnished the required adduct 70 in 71% yield as a 4:1 
diastereomeric mixture in favor of the desired isomer. Deprotection of the thioketal 
followed by NaBH 4 reduction delivered the desired racemic product (Scheme 3.17). 

3.1.2. Alternative Generation Procedures 



A series of publications by Vedejs et al. (17-19) outlined the use of oxazolines in 
the generation of azomethine ylides. Reduction of the oxazolium salts 71 (R^ = Ph 
or Me) with Ph 3 SiH/CsF led to formation of the unstable 4-oxazolines (72) and 
their valence bond azomethine ylide tautomers (17), which could be trapped in situ 
with DMAD to afford the bicyclic adducts 73, where R' and R^ = Ph or Me, in 75% 
yield via [2 + 2] cycloaddition (Scheme 3.18). 

However, treatment of the precursor 74, where there is no substitution at C(4) 
(i.e., R^ = Me) led to a single [3 + 2] cycloadduct 75 with methyl acrylate. The 
unstable oxazolines 75, are considered to open spontaneously to their valence bond, 
1,3-dipole tautomers 76, which are trapped in situ by the dipolarophile. Use of 
DMAD led to the formation of the expected 2,5-dihydropyrrole (77), but difficulties 
in isolation required DDQ aromatization to pyrrole 78 (Scheme 3.19). 

The technology was further extended with formation of the ylide by nucleophiles 
other than the PhsSiH/CsF derived hydride addition (18,19). Cyanide anion, 
generated from TMSCN/CsF, underwent nucleophilic addition and opening to the 
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Scheme 3.17 

ylide, in accordance with the previously observed results, followed by in situ 
trapping with DMAD to deliver the adducts 79, which could never be isolated due 
to immediate loss of HCN and subsequent aromatization to 80 . Material yields were 
consistently high with a variety of substituents (Scheme 3.20). 

Monosubstituted, olefinic dipolarophiles were also successfully employed, 
although the results were somewhat more complex due to the formation of 
regioisomers. However, in the case of 81 , a single pyrroline regioisomer was 
isolated in 73% yield by trapping of the ylide with methyl acrylate. Subsequent 
DDQ oxidation led to pyrrole 82 . In the case of 81 , the major regioisomer 83 was 
obtained in 21% yield with 7% of a minor isomer also being isolated. A salient 
feature of the reaction being the reversal of the regiochemical preference of the 
reaction although no explanation has been offered (Scheme 3.21). 



R' 




Me02C C02Me 



(71) (72) (73) 



Scheme 3.18 




184 



Azomethine Ylides 




C02Me COzMe 



r1 = H; r 2 = Ph (83) 

Scheme 3.21 

condensation, acid hydrolysis and neutralization furnished the hemiacetal 86 as a 
single isomer. Although the reaction mechanism was not discussed, the most likely 
ylide formation and cyclization process is that shown (Scheme 3.22). 

Roussi et al. (23) studied the deprotonation of tertiary amine N-oxides to 
generate azomethine ylides. Typically, treatment of 87 with lithium diisopropyla- 
mide (LDA) in the presence of a suitable dipolarophile led to the subsequent 
formation of the adducts shown (Scheme 3.23). In most cases, material yield is high, 
although the protocol suffers from formation of isomers for some dipolarophiles. 

The formation of isomeric products can be reconciled by consideration of the 
mechanistic pathway. Deprotonation of the more acidic methyl group leads to 
formation of iminium salt 88 that can then form two ylides, 89 and 90, furnishing a 
mixture of products after subsequent cycloaddition (Scheme 3.24). 

Although Padwa et al. (25) extensively studied and developed silicon mediated 
technologies in azomethine ylide generation, he also developed other entries into 
azomethine ylides. In particular, the development of rhodium mediated transmuta- 
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lion of 1,3-dipoles has provided a method for the construction of a range of 
polycyclic systems. Treatment of A-acyl-2-(l-diazoacetyl)pyrrolidines with cata- 
lytic quantities of rhodium(II) carboxylate generated tricyclic dihydropyrrolizines 
via an azomethine ylide cycloaddition. However, the ylide generation proceeded 
through an initially formed carbonyl ylide that transmuted into the desired 
azomethine ylide prior to cycloaddition. Such a process has been dubbed a dipole 
cascade. Typically, diazo ketone 91 , in the presence of DMAD and catalytic 
Rh20Ac4, led to the formation of two cycloadducts, 92 and 93 . The product derived 
from cycloaddition to the initially formed carbonyl ylide was isolated in only 10% 
yield, while 92 , corresponding to azomethine ylide cycloaddition, was isolated in 
87% yield (Scheme 3.25). 
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The reaction also proceeded with other dipolarophiles (26). Methyl acrylate and 
methyl propiolate led to the formation of 94 and 95, respectively. Acidic treatment 
of 95 gave rise to a 1:3 mixture of pyrroles 96 and 97, in which the initial ring- 
opening step to produce the transient iminium ion occurred, it which was followed 
by competing loss of CH 2 O and CO to deliver 97 with a 1,5 acyl shift furnishing 96. 
Precursor 98 underwent cycloaddition with A-phenyl maleimide furnishing 99 in 
81% yield. Replacement of the A-acyl substituent with an A-benzoyl group gave 
rise to the azomethine ylide adduct as the sole product in 95% isolated yield with 
DMAD as the dipolarophile (Schemes 3.26 and 3.27). 

The proposed reaction pathway invokes initial formation of carbonyl ylide 100 
by intramolecular cyclization of the intermediate keto carbenoid onto the oxygen 
atom of the amide. Subsequent isomerization to the azomethine ylide is followed by 
1,3-dipolar cycloaddition to DMAD to furnish the intermediate cycloadduct 101, 
which undergoes in situ alkoxy 1,3-shift to the final dihydropyrrolizine 102 
(Scheme 3.28). 
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Harwood and co-workers (27), during their extensive studies on morpholinone- 
based chiral azomethine ylides, detailed ylide generation from carbamate precur- 
sors. Initial studies had focused on the derivatives 103, where elimination of the 
leaving group, followed by in situ trapping of the resultant ylide, led to the expected 
adducts under Lewis acid catalysis. However, since these precursors were either too 
unstable to isolate (R = OMe and NMe 2 ), or furnished only very low yields of 
cycloadducts (R = phthalamide), an alternative, stable precursor was sought. It was 
found that treatment of morpholinone (104) with the Al-(dimethylaminomethyl) 
carbamate 105, synthesized from Eschenmoser’s salt and fert-butylcarbamate, 
delivered the stable ylide precursor in quantitative yield as a crystalline solid. 
The trifluoroacetyl (TEA) catalyzed decomposition of 105, in the presence of 
A-methyl or A-phenyl maleimide, furnished the desired cycloadducts 106 and 
107, in 57%, endo/exo 33:24 (R = Ph) and 34%, endo/exo 19:23 (R = Me) 
(Scheme 3.29). 

An exhaustive series of reports by Grigg et al. (28) outlined two basic methods 
for the generation of azomethine ylides proceeding via either a 1,2-prototropic shift, 
or by a decarboxylative approach (29). The decarboxylative route to azomethine 
ylides can be exemplified by the condensation of benzaldehyde with the cyclic 
amino acid tetrahydroisoquinoline (108) (30), in DME at 120 °C, to generate the 
intermediate anh-dipole 109, which underwent subsequent cycloaddition with N- 
methyl maleimide to furnish a 1:1 endo/exo mixture of adducts 110 (R = Ph), in 
82% yield (Scheme 3.30). 

Similarly, 3-phenyl propionaldehyde gave rise to a 1:1.5 endo/exo mixture of 
adducts 110 (R = CH 2 CH 2 Ph), derived solely from reaction of the anh-dipole. In an 
analogous fashion, thiazolidine carboxylic acid (111) also underwent anti-dipole 
specific cycloaddition, with A-phenyl maleimide, after initial condensation with 




188 



Azomethine Ylides 



o 




(105) (107) exo (106) endo 

Scheme 3.29 




benzaldehyde. The reaction products ( 112 ) were isolated in 79% overall yield, with 
an endo/exo ratio of 1:1.5 (Scheme 3.31). 

However, the highly stereoselective nature of the dipole intermediate, which was 
observed in the preceding cases, did not translate to azomethine ylide cycloaddi- 
tions of 113 and 114 , both of which formed mixtures of products derived from endo 




Scheme 3.31 
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Scheme 3.32 



and exo approach of the dipolarophile to a mixture of both anti and syn dipoles. 
Typically, tetrahydro-P-carboline-l-carboxylic acid, in the presence of benzalde- 
hyde and Ai-methyl maleimide, led to the isolation of 115 , derived from anti-dipole 
formation, with an endo/exo ratio of 2.2:2 and 116 from cycloaddition with the syn- 
dipole in an endo/exo ratio of 1:1.2 (Scheme 3.32). 

The reaction also showed stereochemical dependence on the aldehyde used in 
the initial condensation step (31). While p-N02PhCH0, in the presence of 117 and 
A-methylmaleimide, led to the isolation of 118 , derived from the anti-dipole in 66% 
yield with a 1:1.2 endo/exo ratio, p-NMe 2 PhCHO, 117 and Ai-phenylmaleimide 
furnished a 10:1 mixture of 119 (endo/exo 1.6:1) and 120 arising from anti- and 
syn-dipoles, respectively, in 98% overall yield (Scheme 3.33). 

An extensive series of reports outlining the use of alternative dipole precursors, 
aldehydes and dipolarophile s led to the following mechanistic rationale (32). 
Typically, the initially formed iminium ion from condensation of benzaldehyde 
with the cyclic, secondary a-amino acid 117 underwent 5-endo-tng cyclization to 
oxazolidin-5-one 118 . Subsequent retro- 1,3-dipolar cycloaddition, with concomi- 
tant loss of CO 2 , formed the requisite dipole 119 . Cycloaddition with a suitable 
dipolarophile would generate the products outlined in Schemes 3.30 and 3.31. Since 
1,3-dipolar cycloreversions have been shown to proceed stereospecihcally (33) and 
that MNDO calculations had shown a syn relationship between the phenyl group 
and proton in 119 to be the more energetically favored, generation of an anti-dipole 
is to be expected. From this, it was assumed that differing electronic and steric 
effects would affect the stereochemical nature of the intermediate oxazolidin-5-one 
with subsequent control over the syn- and anti-dipole ratios. The use of A-methyl- 
maleimide as the dipolarophile suggests that no dipole transmutation from the syn- 
to anti-dipole occurred, since the highly reactive nature of the dipolarophile would 
induce immediate cycloaddition (Scheme 3.34). 
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Grigg et al. (34) also conducted extensive studies of the thermal 1,2-prototropic 
generation of azomethine ylides and this can be exemplified by the diastereofacially 
selective cycloaddition of 7-aminocephalosprin ylide precursors. Condensation of 
aryl aldehydes with 120, in refluxing toluene, furnished imines 121, which, in 
the presence of A-phenylmaleimide, furnished a mixture of cycloadducts 122 and 
123 in essentially quantitative yield in a 2:1 ratio. The only observed products 
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in this instance were those derived from endo attack of the dipolarophile 
(Scheme 3.35). 

Ylide generation hy this method involves a 1,2-prototropic shift of the proton a 
to the imine, furnishing, in this instance, a mixture of ylides 124 and 125 , which 
undergo subsequent ent/o-cycloaddition. Due to the highly reactive nature of the 
dipolarophile, it is unlikely that a single ylide is initially formed, followed by dipole 
transmutation (Scheme 3.36). 

In addition to the routes previously detailed, Grigg has outlined a dehydrogena- 
tion approach to azomethine ylides (35). Typically, treatment of precursor 126 
with A-methylmaleimide and palladium black in DMF at 1 10 °C led to the isolation 
of a 1:1 mixture of 127 and 128 , with no product arising from a syn-dipole 
being observed. The reaction pathway was assumed to proceed via initial coordina- 
tion of the Pd to nitrogen, followed by dehydrogenation and iminium ion formation. 
The stereospecific formation of an anh-dipole suggested subsequent formation of 
oxazoline ( 129 ), which opens stereospecifically, as for the decarboxylative 
approach, to furnish an awfi-dipole that undergoes subsequent cycloaddition 
(Scheme 3.37). 
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Modern synthetic chemistry is increasingly focused on the formation, control, 
and induction of asymmetry in molecular structure. As the complexity of synthetic 
targets increases, in particular those derived from natural sources, the demands of 
the chemist for new and efficient methods for the introduction of new stereogenic 
centers has generated many elegant solutions. Since azomethine ylides are inher- 
ently achiral, the induction of stereocontrol has to be performed by attachment of a 
suitable stereodirecting unit onto either the dipole, or more recently onto the ylide, 
and latterly many elegant solutions have been developed. 

3.2.1. Chiral Dipolarophiles 



Kanemasa reported the use of chiral a, (3-unsaturated dipolarophiles in 1,3- 
dipolar cycloaddition reactions, utilizing a 2-pyrrolidinyl group as the asymmetric 
controlling element (35,36). An initial communication revealed that treatment of 
the (benzylideneamino)acetate (130) with the readily prepared enantiopure dipolar- 
ophile 131 at — 78°C in the presenc of LiBr and l,8-diazobicyclo(5.4.0)undec-7- 
ene (DBU) furnished a single cycloadduct in 82% yield. The reaction formed four 
new stereogenic centers with absolute diastereoselectivity. However, the reaction 
product was not consistent with the thermodynamically favored awti-periplanar 
ylide conformer 132, which would involve attack of the dipolarophile to the 
stericaly less congested re face of the ylide, but by unexpected si attack to the 
thermodynamically less stable ^yn-periplanar ylide 133 (Figure 3.7). Removal of 
the chiral controlling section was easily achieved with no loss of stereochemical 
integrity, by A-tosylation and acetal exchange (Scheme 3.38). 

This attractive protocol for the asymmetric addition of a, P-unsaturated esters to 
A-metalated azomethine ylides was further developed using C(2) symmetrical 
imidazoladine stereodirecting units in an extensive study into the effects of reaction 
conditions and substituent effects on the facial selectivity of the reaction (36). Both 




Scheme 3.38 
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the racemic A^-phenyl and Ai-methyl dipolarophiles were prepared for a series of 
studies into the ylide generation from methyl and tert-butyl(henzylideneamino) 
acetates and their subsequent cycloadditions. In the case of the ylide ester 134 
(R' = Me) and dipolarophile 135 (R = Ph) optimum yields were observed with 
LiBr/DBU at 94% with a diastereomeric ratio of 136 ; 137 85:15 at room 
temperature, while the use of LDA/t-BuOH at — 78°C gave a yield of 89% and 
an isomeric ratio of 96:4. For ylide 135 (R' = r-Bu) and dipolarophile 134 (R = Ph), 
n-BuLi generation gave a reduced yield of 61% at room temperature but with a 
reversal of facial selectivity giving a product ratio of 136 : 137 45:55. At — 78°C, 
the yield dropped to 20% but the ratio improved to 136 : 137 20:80. For the olefin 
135 (R = Me), ylide 134 (R' = Me) generated with LDA/MeOH gave a yield of 
98% and a single diastereomic product ( 136 ) at —78 °C, while ylide 134 (R' = r-Bu) 
gave a yield of 94% and a single product ( 137 ) at room temperature in the presence 
of LiBr/DBU (Scheme 3.39). 

Having now established the reaction conditions and substituents in both the 
dipolarophile and N-metalated azomethine ylide, the protocol was extended to an 
asymmetric process. Treatment of the enantiopure dipolarophile 138 (R = Ph) under 
optimized conditions, with the ylide 139 (R' = Me) gave rise to a mixture of 
enantiomers of 140 . The major isomer was isolated and removal of the chiral 
controlling unit, by the method previously described, to furnish the N-tosylated 
pyrrolidine, allowed for unambiguous assignment of the absolute stereochemical 
outcome of the reaction. The ylide 139 (R' = Me) gave rise to the major isomer 140 
with dipolarophile (— )-138 (R = Ph), which furnished the pyrrolidine (— )-141 with 
the (2R, 3R, 4R, 5S) absolute configuration. As with results previously described 
in the racemic series, ylide 142 (R' = t-Bu) gave the opposite major enantiomer 
with the same dipolarophile (— )-138 (R = Ph), delivering the (25,35,45,5/?) 
(+)-144 pyrrolidine (Scheme 3.40). The ylides also showed differing diastereofa- 
cial selectivities for the A-Me 145 and A-Ph 140 dipolarophiles (Scheme 3.41). 

This represents an interesting study into the use of a C(2) symmetrical 
stereocontrolling unit for the azomethine ylide cycloadditions of a, P-unsaturated 
esters. In particular, consideration of the effect of both N- substituents in the 
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dipolarophile and choice of ylide ester, allows for the imposition of high and exact 
asymmetric control into the reaction. 

Chiral enones have been used in highly diastereoselective ylide reactions (37). In 
the presence of AgOAc and DBU (a superior combination than LiBr/DBU for this 
system), a variety of imines underwent cycloaddition to enone 146, in excellent 
yields with complete regioselectivity and diastereoselectivities of 95:5 for R = Ph 
and 3-pyridyl. The reaction also proceeded with aliphatic imines, although selectivities 
were reduced. Acidic removal of the acetal protection revealed the 5-hydroxy-l, 
4-dicarbonyl compounds (147) with the anti configuration shown between the C(3) 
substituent and the chiral center of the side chain. Replacement of the ester in the 
imine with an amide functionality gave a slight reduction in yield and selectivity, 
although the reaction still proceeded with high efficiency (Scheme 3.42). 

Improved selectivities were observed with the enone 148 using the dibenzyl 
amine as the chiral controlling unit at the y-position, delivering essentially a single 
product from the reaction (Scheme 3.43). 

Koizumi and co-workers (38) reported the first asymmetric synthesis of (15)- 
(— )-a-tropanol (149) via a 1,3-dipolar cycloaddition protocol. Treatment of the 
chiral dipolarophile 150 with 151 in tetrahydrofuron (THF) delivered cycloadducts 
exo-152 and endo-153. Although the reaction proceeded with low facial selectivity. 
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60:40 exo/endo, and in a moderate yield of 68%, the diastereoselectivity of the 
reaction was high; the exo product ( 152 ) being isolated with a diastereomeric 
excess (de) of 68% while the endo product was furnished as a single diastereoisomer. 
This first case of chiral induction of a 1,3-dipolar cycloaddition by an asymmetric 
sulfur moiety, after standard chemical elaboration furnished 149 (Scheme 3.44). 

Pyridones, as exemplified by ABT-719 ( 154 , Eigure 3.8), represent a new class 
of DNA gyrase inhibitors possessing a broad spectrum of antibacterial activity and, in 
studies toward such compounds, it was revealed that the C(8) functionality was an 
important part of the DNA binding action. Azomethine ylide cycloadditions were 
employed to give a range of proline-type derivatives in order to study structure- 
activity relationships (39). 
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The azomethine ylide was generated by treatment of Ai-benzyl-A-(methoxy- 
methyl)-trimethylsilylmethylamine ( 155 ) with TEA and underwent the required 
cycloaddition step with chiral dipolarophile 156 , stereocontrol being induced by 
Evan’s auxiliary. The a, P-unsaturated acid dipolarophile was tethered to a chiral 
oxazoladine in two easy, high-yielding steps. The auxiliary served three purposes; 
to give asymmetric control to the reaction, to allow for separation of the reaction 
products by generating column separable diastereoisomers, and hnally to activate 
the olefin in the cycloaddition step (Scheme 3.45). 

The diastereomeric products were obtained in a 20:80 157 : 158 ratio with R^ = Ph 
as the chiral control element, whereas the more usual i-Pr group in such auxiliaries 
gave poorer steric control. Template removal was easily achieved with Li0H/H202 
in quantitative yield along with recovery of the auxiliary. Curtius rearrangement of 
the resulting carboxyl group furnished the A-butoxy carbonyl (A-Boc) protected 
product 159 in high yield. 

Williams and Fegley (40) utilized his chiral template (Section 3.2.3) as a chiral 
dipolarophile in the concise synthesis of 5'-(— )-cucurbitine, a naturally occurring 
amino acid isolated from species of pumpkin, that acts as a growth inhibitor to 



o o 




(159) (158) 

Scheme 3.45 




3.2. Asymmetric Reactions 



199 



Ph 




Ph 

(160) (161) (163) 

Scheme 3.46 



Schistosoma japonicum. The carbobenzoxy (CBz) protected template 160 was 
initially converted to the a, (3-dehydrolactone 161 via the phosphate ester, before 
undergoing cycloaddition to ylide 162 , generated in situ by acidic treatment of 
Ai-benzyl-Ai-(methoxymethyl)trimethylsilyl amine. The resultant cycloadduct ( 163 ) 
was isolated in 94% yield as a single diastereoisomer. Destructive template 
removal, by catalytic hydrogenation, released (5')-(— )-cucurbitine, after ion- 
exchange chromatography, as the free amino acid in 90% yield (Scheme 3.46). 

In synthetic efforts toward the DNA reactive alkaloid naphthyridinomycin ( 164 ), 
Garner and Ho (41) reported a series of studies into the construction of the 
diazobicyclo[3.2.1]octane section. Construction of the five-membered ring, by the 
photolytic conversion of an aziridine to an azomethine ylide and subsequent alkene 
1,3-dipolar cycloaddition, was deemed the best synthetic tactic. Initial studies with 
menthol- and isonorborneol- tethered chiral dipolarophiles gave no facial selectivity 
in the adducts formed (42). However, utilizing Oppolzer’s sultam as the chiral 
controlling unit led to a dramatic improvement. Treatment of ylide precursor 165 
with the chiral dipolarophile 166 under photochemical conditions led to formation 
of the desired cycloadducts (Scheme 3.47). The reaction proceeded with an 
exo/endo ratio of only 2.4:1; however, the facial selectivity was good at >25:1 in 
favor of the desired re products. The products derived from si attack of the ylide 
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were detected as only minor prodncts in the crude reaction mixtnre by NMR 
analysis. Removal and recovery of the auxiliary was easily achieved with TiCl 4 in 
reflnxing EtOH. A similar approach was also applied to the first enantiospecihc 
synthesis of (— )-euinocarcin (167) (43) (Fig. 3.9). 

Waldmann et al. (44) outlined the use of A-acroyl-(5')-proline benzyl ester (168) 
in the highly stereoselective synthesis of complex, polyfunctionalized prolines. 
Treatment of the Schiff bases 169 with DBU/LiBr generated in situ the N-lithiated 
azomethine ylides that nnderwent cycloaddition to dipolarophile 168 to deliver 
adducts 170 and 171. In each case, the stereoselectivity of the reaction was 
exceptionally high. For the cases in which R was sterically influential, such as 
Ph, i-Pr or f-Bu, the ratio of both 170: 171 and endo/exo was >99:1. A reduction in 
the steric bulk of R to either H or Me still gave endo/exo selectivities >99:1 
although the isolated ratio of 170: 171 was slightly reduced to 92: 8. Simple 
hydrolysis removed the stereodirecting unit, releasing the desired, enantiopure 
proline derivatives 172 (Scheme 3.48). 

The near perfect facial and endo/exo selectivities observed were reconciled by 
assuming that the reaction proceeded through the highly ordered endo transition 
state 173, in which both the azomethine ylide and the approaching dipolarophile are 
coordinated to the lithium cation (Fig. 3.10). Alternative endo transition state 
models that would allow for the observed stereochemical outcome of the cycload- 
dition do not permit an efficient and sterically less imposing environment for the 
relevant functionalities. 

3.2.2. Chiral YlidesrStereocontrol by Inherent Molecular Structure 

In 1985, Padwa et al. (45) reported the first asymmetric 1,3-dipolar cycloaddition 
reaction of an azomethine ylide. The treatment of a-cyanoaminosilanes with AgF 
has already been detailed as one of the primary methods for the generation of 
azomethine ylides (Section 3.1.1). Treatment of the optically active precursor 174 
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(R = Me) under standard generation conditions, in the presence of activated alkene 
dipolarophiles led to the expected adducts (Scheme 3.49). In the case of tmns-1- 
nitro-2-(3,4-methylenedioxyphenyl) ethene, a 3:2 mixture of diastereoisomers was 
isolated. Replacement of the methyl group with a methyl ether (R = CH20Me), 
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gave an increased facial selectivity of 4:1, although the use of henzaldehyde as the 
dipolarophile gave no diastereofacial selectivity. The reaction outcome was ratio- 
nalized by invoking the Felkin-Anh model with favored approach of the dipolar- 
ophile anti to the phenyl group (Fig. 3.11). 

Several syntheses of the hepatatoxic alkaloid (-l-)-retronecine have been reported 
although the most succinct has utilized a chiral azomethine ylide cycloaddition to 
construct the bicyclic skeleton. The ylide processor 175 , which was obtained in five 
efficient steps from commercially available tran^-(/?)-4-hydroxy-L-proline, under- 
went double desilyation in the presence of AgF (described in detail in Section 3.1.1) 
and in situ cycloaddition with methyl propiolate, to deliver a 3:1 mixture of 
cycloadducts in favor of the desired regioisomer. Diisobutylaluminum (DIBAL) 
reduction of 176 furnished enantiopure (-l-)-retronecine (Scheme 3.50). 

Husson and co-workers (47-50) have made extensive application of their chiral 
azomethine ylide precursor. The synthon 177 , prepared in one step in essentially 
quantitative yield on a multi-gram scale, had previously been used in a wide range 
of asymmetric processes as a chiral glycine anion equivalent. However, low- 
temperature treatment with TMS triflate (yet another example of the use of 
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silicon-based reagents in azomethine ylide generation) and Hiinig’s base, irrever- 
sibly opened up the oxazolidine 177 with concomitant alcohol protection to form 
the azomethine ylide 178 with the a-phenyl substituted amino alcohol section 
acting as the chiral auxiliary (48). Subsequent trapping of the ylide with A(-phenyl 
maleimide led to the formation of four isomers ( 180 - 183 ) in a 44:32:16:8 ratio. 
Although stereoselectivity is poor, the overall material yield for the reaction was 
almost quantitative (Scheme 3.51). 

The reaction protocol was further developed by alterations to the chiral 
controlling element of the reaction (49). Use of the precursor 183 under the 
standard ylide generation and cycloaddition conditions gave a greatly improved 
diastereomeric excess of >95%, an endo/exo ratio 1:15 and an isolated yield of 
62%, with A-phenylmaleimide as the dipolarophile. The improvement in the 
reaction was rationalized by both endo and exo attack of the dipolarophile to the 
same diastereomerically favored face of the conformationally restricted U-shaped 
ylide 184 (Scheme 3.52). 

However, the introduction of a second stereocontrolling element into the 
carboxyl moiety led to a dramatic improvement in the reaction (50). A study into 
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a selection of possible candidates led to the discovery that the (— )-8-phenylmenthyl 
substituent led to the formation of a reaction product in 86% yield with 
A-phenylmaleimide as the dipolarophile. The adduct was formed exclusively as 
the exo isomer and in a diastereomic ratio >95:5. The mechanistic rationale 
involved the transition state shown (Fig. 3.12), with the ylide constrained to a U 
conformation, the chiral center on the nitrogen forcing exo attack of the dipolar- 
ophile, with the chiral ester group forcing diastereoselectivity. 

In a series of reports, Gallagher and co-workers (51,52) outlined the use of 
azomethine ylide technology in the construction of the bicyclic core of (3-lactams. 
Initially the synthesis of carbapenems was studied. The oxazolidine-based ylide 
precursor 185 was prepared by a literature precedent and submitted to thermolytic 
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decarboxylation to form the ylide, which then reacted with a wide range of 
dipolarophiles in reasonable yields. The reaction proceeded with good regiocontrol 
and high endo selectivity. It could also be conducted asymmetrically with the 
enantiopure precursor 186, which underwent ylide formation and subsequent 
cycloaddition to form the endo adduct 187 (Scheme 3.53). 

The reaction was further developed to form a wide range of P-lactam-based 
products (52). Treatment of the racemic ylide processor 186 with suitable sulfur- 
based thiocarboxylate or thiocarbonate dipolarophiles gave rise to the expected 
racemic penams 189 and 190 and penems as single regioisomers (Scheme 3.54). 
Once again, the use of the chiral dipolarophile 186 furnished the cycloaddition 
product 191 with complete enantiomeric integrity. Similarly, the use of aldehydes 
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as dipolarophiles generated 2-substituted ketones, and 2,2-disubstituted oxepams. 
Again, the use of the asymmetric ylide precursor gave the expected enantiomeri- 
cally pure adduct 192 with hexafluoroacetone. Note that although the asymmetric 
reaction proceeds with excellent stereoinduction, the material yields of cycload- 
ducts were reduced, presumably due to increased steric repulsion from the silyl 
stereocontrolling element (Scheme 3.55). 

Enders et al. (53) reported the use of chiral l,3-dioxan-5-ylamines in condensa- 
tion reactions with aromatic aldehydes to form ylides in situ, which underwent 
thermal cycloaddition reactions with excellent yields. Treatment of 193 with 
benzaldehyde or p-fluorobenzaldehyde in the presence of excess dimethyl fumarate 
or fumaronitrile gave rise to the expected adducts in 85% yield with a >96% 
diastereomeric excess. For nitriles (R = CN), the endo/exo selectivity was higher at 
70:30 than for the esters (R = C02Me) at 55:45 (Scheme 3.56). 

Further studies revealed that replacement of the ester functionality of the ylide 
precursor with a phenyl group, probably acting to destabilize the ylide, gave 
improved facial selectivity in favour of the exo isomer. The use of A-phenylma- 
leimide with a range of both electron-withdrawing and -donating aromatic alde- 
hydes gave rise to the expected products in essentially quantitative yield with an 
endo/exo ratio of 60:40 and a de >96%. The endo product 194 was further 
elaborated by treatment with p-toluenesulfonic acid in methanol, quantitatively 
delivering the tricyclic lactone 195 as a single stereoisomer. (Scheme 3.57). 
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Seebach reported the use of 2-(terf-butyl)-3-imidazolidin-4-one (196) as a chiral 
glycine equivalent, and a report by Peyronel and Carboni outlined its use in chiral 
azomethine ylide generation (54). Condensation with formaldehyde (R = H), 
benzaldehyde (R = Ph), or hexenal (R^CsHn) generated the ylide in situ, which 
underwent subsequent cycloaddition with a range of dipolarophiles to form the 
cycloadducts 197 in a diastereomeric ratio of 80:20 and 198 in a 60:40 endo/exo 
ratio. The use of either maleimide or DMAD led only to the isolation of Michael 
adducts. The mechanistic rationale has the dipolarophile approaching endo to the 
ylide and anti to the tert-butyl group with the R group lying in the sterically least 
imposing (Zs)-conhguration (Scheme 3.58). 

As previously described, thermolysis of aziridines is one of the standard methods 
for the generation of azomethine ylides. A diastereomeric mixture of the aziridines 
199 possessing an enantiomerically pure N-substituent underwent ylide formation 
at 280 °C and subsequent cycloaddition to vinylidine carbonate to form a mixture of 
four separable compounds (d-200, l-201, d-202, l-203) in a 3:3:1:1 ratio (55). 
Subsequent L1A1H4 reduction and hydrogenolytic N-benzyl cleavage led to all 
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possible isomers of 1 ,4-dideoxy- 1 ,4-iminolyxitol and l,4-dideoxy-l,4-iminoribitol, 
known glucosidase inhibitors (Scheme 3.59). 



3.2.3. Chiral Ylides Derived from Asymmetric Templates and Auxiliaries 



The chiral dipolarophiles of Garners and Dogan, which were derived from 
Oppolzer’s sultam, have been previously discussed in Section 3.2.1 and, in an 
extension to these results, the sultam moiety was used as the stereodirecting unit in 
enantiopure azomethine ylides (56). The ylides were generated either by thermo- 
lytic opening of N-substituted aziridines or by the condensation of the amine 
functionality with benzaldehyde followed by tautomerism. These precursors were 
derived from the known (+)-A-propenoylbornane-2,10-sultam. Subsequent trap- 
ping of the ylides with A-phenylmaleimide furnished the cycloaddition products 
shown in Schemes 3.60 and 3.61. 
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In the case of the template 204 , the endo/exo selectivity was only 1.8:1, but the 
material yield was high with a facial selectivity of 10:1. The ylides were also 
trapped with methyl acrylate, generating the expected cycloadducts with reasonable 
regio and diastereocontrol. Although the endo/exo selectivity was relatively poor, 
the facial selectivity and material yield were both reasonable and the removal of the 
template is nondestructive. 

3,4,5, 6-Tetrahydro-l//-l,4-oxazin-2-one has attracted intense study recently 
having become the most extensively researched asymmetric template in azomethine 
ylide cycloadditions (57-65). This template has proved to be one of the most 
efficient and general chiral substrates for stoichiometric stereocontrol in 1,3-dipolar 
cycloadditions and has been utilized for the formation of highly functionalized 
nitrogen-containing heterocycles and amino acids, to name but a few uses. The 
most in-depth studies and extensive application of chiral templates as chiral dipoles 
in azomethine chemistry have been those conducted in the laboratories of Harwood 
and co-workers (27, 57-63, 66-68). By using the monosubstituted morpholinone 
template 205 , developed by Dellaria, tactics for the highly stereodirective synthesis 
of prolines, pyrolidines, and amino acids have been developed. As such, they 
represent one of the more general applications of chirally templated azomethine 
ylide chemistry. 

Amino acids can be used as azomethine ylide precursors, although the stereo- 
genic center is by necessity lost and require reaction with chiral dipolarophiles to 
circumvent the problem of absence of stereocontrol. Harwood et al. (57) demon- 
strated that the chirality of the original amino acid could be preserved by 
derivatization to give back not only the original stereocenter, but further stereo- 
induction. 

Initial studies used the ylide generated in situ by condensation with formalde- 
hyde, which was treated with various dipolarophiles in refluxing benzene through a 
Soxhlet extractor-containing molecular sieves (57). Trapping with A-phenylmal- 
eimide gave rise to a 3.5:1 mixture of endo/exo products in reasonable material 
yield. However, most importantly, the absolute conhguration at C(3) was consistent 
in both products, showing that stereodirection by C(5) was apparently total. The use 
of DMAD gave rise to one product, again, with the C(3) conhguration observed 
earlier (Scheme 3.62). 

Destructive removal of the template by catalytic hydrogenation was easily 
achieved, resulting in the loss of the stereogenic center at C(5), and overall chirality 
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transfer from one center to the next. Realization of a genuine chiral memory 
relay was achieved by use of the 3,5-disubstituted template 206 (58). Condensation 
of the template with paraformaldehyde to generate the ylide with subsequent 
cycloaddition with the dipolaraphile gave the expected cycloadducts, but with the 
chirality of C(3) reinstated and an endo/exo ratio improved to 5:1. The use of 
A-methylmaleimide gave only the endo product. Catalytic hydrogenation of the 
adducts released the free amino acids in high yield (Scheme 3.63). 

The stereochemical outcome of the reaction was rationalized by invoking axial 
approach of the alkene lowest occupied molecular orbital (LUMO) to the least 
hindered lower face of the highest occupied molecular orbital (HOMO) of the 
dipole, in which the morpholinone ring was held in a quasi-chair conformation with 
the C(5) phenyl substituent in an equatorial environment (Fig. 3.13). 
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Further developments led to the formation of ylides derived from aldehydes 
other than formaldehyde (58), thus generating products with an additional stereo- 
center. Condensation of the morpholinone template with benzaldehyde, followed by 
trapping of the resultant ylide with Ai-methylmaleimide, gave rise to four reaction 
products with the major endo adducts obtained in a 3.5:1 diastereomic ratio and the 
minor exo products in a 1.5:1 ratio. The ratio of both endo products to both exo 
products was 2:1. Invoking the mechanistic rationale described above, the major 
diastereoisomer is that derived from the anti-configured ylide, which would be 
expected to dominate due to steric repulsion between the phenyl groups. Once 
again, the configuration at C(3) was consistent in all products (Scheme 3.64). 

Addition of freshly prepared MgBr2.0Et2 to the reaction gave universal 
improvements in yield of the products (59). Previously poor dipolarophiles now 
gave good to excellent yields, especially in the case of dimethyl fumarate which. 
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having proved to be unreactive under thermal conditions, now furnished a single 
product in good yield. What was most noteworthy, however, was that the major 
isomers, with maleimide dipolarophiles, were now the exo-adducts, whereas under 
the previous thermal conditions the enr/o-products predominated (Scheme 3.65). 

Due to the increased reactivity of the reaction in the presence of a Lewis acid, 
the reaction scope was extended to singly activated alkenes. Previous results had 
shown either no reaction or extremely poor yields. However, under the Lewis acid 
catalyzed conditions, acrylonitrile furnished a 1:1, endo/exo mixture of products. 
The addition of the catalyst gave unexpected regiochemistry in the reaction, which 
is analogous with results described in Grigg’s metal catalyzed reactions. These 
observations in the reversal of regio- and stereocontrol of the reactions were 
rationalized by a reversal of the dominant, interacting frontier orbitals to a LUMO 
dipole-HOMO dipolarophile combination due to the ylide-catalyst complex. This 
complex resulted in a further withdrawal of electrons from the azomethine ylide. 

The use of a doubly stabilized ylide derived from condensation of the template 
with ethyl glyoxylate trimer followed by condensation with suitable dipolarophiles, 
led to the expected mixture of exo and endo products under thermal conditions (60). 
While material yields could be improved by the addition of Lewis acid, the exo/ 
endo ratios were reduced due an increase in the formation of exo products. 
Subsequent destructive removal of the template furnished a range of amino acids, 
exemplified in Scheme 3.66. 

The general protocol has been further extended to include cycloadditions using 
aldehydes both in the condensation step to form the ylide and as the dipolarophile 
(61,62). Treatment of the template with excess of benzaldehyde in refluxing 
toluene, with azeotropic removal of water, resulted in a high yield of cycloadduct 
207 containing three new stereogenic centers formed from the single stereocontrol- 
ling center at C(5) (61) (Scheme 3.67). The mechanistic rationale assumed an 




3.2. Asymmetric Reactions 



213 




Scheme 3.66 




(207) 

Scheme 3.67 



(£’)-configured ylide with axial approach of the aldehyde to the least sterically 
demanding face (Fig. 3.14). Subsequent catalytic hydrogenation of the cycloadduct 
furnished the Ai-Bz methyl ester of 2(S), J(/?)-(3-hydroxy) phenylalanine in 
excellent yield. 

The reaction scope was further developed with a range of aromatic and aliphatic 
aldehydes to furnish a range of (3-hydroxy-a-amino acids, which are important 
constituents of many natural products (62). The resultant bicyclic adducts were 
obtained in good to excellent yield and represent differentially and orthagonally 
protected p-hydroxy-a-amino acids. The template removal was easily conducted by 
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simple hydrogenolysis in the case of adducts derived from aromatic aldehydes, 
while for those products evolved from aliphatic aldehydes, hydrolysis of the 
lactone, which was followed by hydrogenation of the resultant amino esters, 
delivered the desired (2S, 3/?)-threo-products in quantitative overall yield and 
enantiomerically pure (Scheme 3.68 and 3.69). 

The reaction protocol was further extended to the concise synthesis of poly- 
oxamic acid, the unique polyhydroxyamino acid side-chain moiety of the antifungal 
polyoxin antibiotics (63). Treatment of the template 205 under standard thermal 
cycloaddition conditions with (5')-glyceraldehyde acetonide led to the formation of 
a single diastereoisomer 208 in 53% yield. Subsequent template removal released 
polyoxamic acid 209 in essentially quantitative yield. This represents a “matched” 
system, with the “mismatched” system leading to more complex reaction mixtures 
(Scheme 3.70). 

Moloney and co-workers (64) also made use of the morpholinone template in the 
synthesis of analogues of the kainoid group of amino acids. Treatment of the 
template under the conditions reported by Harwood furnished the expected adducts. 
In keeping with earlier observations, the reaction proceeded with complete facial 
selectivity generating the new C(3) stereogenic center with complete control. 
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Regiocontrol was also high with unsymmetrical dipolarophiles, as was the endo/exo 
selectivity. Simple destructive template removal followed by Boc protection gave a 
range of enantiomerically pure polycyclic proline derivatives, as exemplified in 
Scheme 3.71. 

Williams et al. (65) reported studies of the diphenyl-substituted morpholinone 
210 in azomethine ylide chemistry for the synthesis of highly substituted pyrroli- 
dinecarboxylic acids. The template (as the crude product after TFA removal of the 
A-Boc group) was treated with the relevant aldehyde, and p-TSA in refluxing 
benzene to form the intermediate Schiff base, and therefore the azomethine ylide. 
In situ trapping with dimethyl maleate furnished the bicyclic adducts shown in good 
yield. The endo control over the reaction was very high, although the diastereos- 
electivity at C(7) was poor with the best example being that derived from 
benzaldehyde at 1.7:1. Removal of the template was achieved by catalytic 
hydrogenation in the case of simple alkyl aldehydes, or, in the case of aromatic 
aldehydes, by opening of the lactone under acid hydrolysis followed by oxidative 
cleavage of the resultant amino alcohol with Pb(OAc )4 (Scheme 3.72). 

One of the most novel uses of azomethine ylides was reported in the synthesis of 
fulleroproline compounds that have been shown to exhibit interaction with the 
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active sites of human immunodeficiency virus (HIV)-l protease. In efforts to 
explore this chemistry, Prato and co-workers (69) synthesized a series of com- 
pounds (211 and 212) derived from dipolar cycloaddition of Ceo with azomethine 
ylides derived from either aziridines or hy the decarboxylation route. Attachment of 
a photoactive moeity could also be achieved ( 213 ). Similarly, the reaction could be 
achieved asymmetrically by reaction with the ylide generated from William’s 
template and chloromethyl octyl ether (Fig. 3.15). 

During studies on the use of amidines as azomethine ylide sources, Jones et al. 
(67-69) reported in a series of papers the application of their general strategy to an 
asymmetric process. Quaternization of the dihydroimidazole 214 with an a-halo 
ester followed by DBU-induced ylide formation and subsequent cyclization 
furnished a range of nitrogen heterocycles in a one pot generation and cyclization 
protocol (70) (Scheme 3.73). 

Application of this one/pot protocol to the preparation of enantiopure amidine 
( 215 ) derived from phenylglycine led to the formation of the desired cycloadducts 
(71). The reaction proceeded with good stereocontrol with an endo/exo ratio in the 
order of 10: 1 . In the case of the methyl ester derived product 216 (R = Me), a single 
isomer was isolated. The minor exo products 217 proved to have an unexpected 
stereochemistry at C(7), which was consistent with the energetically disfavored anti 
attack of the dipolarophile, and it was therefore assumed that the product had 
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suffered epimerization to the more thermodynamically favored products shown 
after the cycloaddition process had occurred (Scheme 3.74). 

Template removal to release the free amino acids was conducted for the tert- 
hutyl ester derivative (72). Aminal reduction with sodium cyanohorohydride in 
acidified ethanol resulted in cleavage of the cyclic N-henzyl bond. However, the 
reaction has only been shown to be successful for the terf-butyl analogue and gave 
considerable epimerization at C(7) for monosubstituted pyrroloimidazoles, 
although the reaction was optimized to give a 3:1 ratio of epimers in favor of the 
2,4-trans isomer. For other derivatives, reductive cleavage gave only lactamization. 
The final section of the template was removed by catalytic hydrogenolysis, 
followed by deesterification to release the free proline derivatives (Scheme 3.75). 

Chiral bicyclic lactams have been successfully utilized by Meyers as chiral 
dipolarophiles in highly diastereoselective azomethine ylide cycloadditions (73). 
Treatment of the ylide precursor 218 with the unsaturated, non-racemic dipolar- 
ophile 219 in the presence of a catalytic amount of TFA led to the formation of 
tricyclic adducts 220 and 221 in excellent yields (85-100%). The diastereofacial 
preference for the reaction was dependent on the nature of with a methyl group 
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favoring formation of 220 while R^ = H predominately furnished (221) (Table 3.2). 
Double asymmetric induction with both chiral dipolarophile and dipole was also 
studied with the most notable increase in stereocontrol being observed when 
R^ = ester groups with a matched dipole and dipolarophile pair (Scheme 3.76). 
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3.3. INTRAMOLECULAR CYCLOADDITIONS 



In this section, those reactions in which the ylide is attached by a tether to the 
dipolaraphile resulting in an intramolecular cycloaddition will be discussed. To 
date, such a strategy has proved to be one of the less investigated aspects of 
azomethine ylide chemistry. However, intramolecular azomethine ylide technology, 
when combined with the excellent stereocontrol offered by cycloaddition reactions, 
allows for the rapid construction of complex polycyclic systems from relatively 
simple precursors. Consequently, it represents a highly attractive synthetic protocol 
that makes it a candidate for further investigation in the coming years. 

3.3.1. Aziridine Precursors 



The thermolytic preparation by De Shong et al. (74) of azomethine ylides from 
aziridines and their intermolecular reactions are the first examples of singly 
stabilized ylides of this type. However, the protocol has been further extended to 
include intramolecular processes. Aziridines tethered to both activated and unac- 
tivated alkenes were subjected to flash vacuum thermolysis generating cycloadducts 
in moderate-to-excellent yields. While previously singly activated alkenes had 
furnished low material yields via an intermolecular process, the intramolecular 
analogue represents a major improvement. Typically, treatment of 222 under 
standard conditions led to the formation of 223 in 80% yield as a single cis isomer. 
Similarly, the cis precursor furnished adduct 224 in 52% yield, although as a 1:1 
diastereomeric mixture (Scheme 3.77). 




Scheme 3.77 
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Alkenes without stabilizing functionalities also underwent successful dipolar 
cycloaddition with allylic ethers 225 and 227 (R = H) furnishing adducts 226 and 
228 (R = H) as single stereoisomers, in 67 and 69% yield, respectively. Unfortu- 
nately, further substitution of the alkene (R = Et) led to a dramatic reduction in 
yield to 16%. Alkyne precursor 229 delivered the pyrrole 230 in 63% for R = H in 
34% yield for R = Et, with none of the expected dihydropyrrole being isolated due 
to rapid oxidative aromatization of the initial adduct. Although material recovery is 
often moderate, this was reported to be the first example of singly stabilized 
aziridine derived ylides reacting with unactivated dipolarophiles (Scheme 3.78). 

At about the same time, Wenkert and c-workers (75) reported a similar study 
into the intramolecular 1,3-dipolar cycloaddition of 2-alkenoyl-aziridine derived 
azomethine ylides. Thermolysis of 231 at moderate temperature (85 °C) produced 
232 as a single isomer in 58% yield. Similarly, 233 furnished 234 in 67% yield. In 
each case, the same stereoisomers were produced regardless of the initial stereo- 
chemistry of the initial aziridine precursors. However, the reaction proved to be 
sensitive to both the substituents of the aziridine and tether length, as aziridines 235 
and 236 furnished no cycloadducts, even at 200 °C (Scheme 3.79). 

During the synthetic efforts of Heathcock and co-workers toward the complex 
marine alkaloid sarain-A (Scheme 3.80), he outlined an elegant intramolecular, 
azomethine ylide cycloaddition, as one of the key stages in the construction of the 
central core (76). Of the generation methods known for azomethine ylides, 
thermolysis of aziridines was selected in this instance. The azomethine ylide 
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precursor 237 (Scheme 3.81) was synthesized hy standard methods and subjected to 
the flash vacuum thermolysis ylide generation conditions of DeShong at 0.04 Torr 
and 350 °C, with subsequent intramolecular cycloaddition furnishing the desired 
product in an exceptional 94% yield, although in a 1:1 diastereomeric ratio. The 
protocol was developed further to form the bicyclic products 238-240 from their 
corresponding aziradine precursors in good yields by the standard vacuum thermo- 
lysis protocol. In the case of 238 and 240 a single stereoisomer was isolated 
(Fig 3.16). 

However, what is most remarkable about this work is that during attempts to 
form the diazadicyclo [5. 3.0] decane 238 , trace quantities of 241 were isolated, 
rationalized by cycloaddition with the benzene ring. Although cycloadditions with 
reactive aromatics such as furans are known, this represents the first example of a 
phenyl ring undergoing a [2 + 3] cycloaddition. Improvements to this novel 
cycloaddition were attempted by removal of the competing alkene functionality 
and treatment of the dibenzylamine 242 under the standard FVT conditions, 
furnishing the cycloadduct 243 in 67% yield (Scheme 3.82). 

Weinreb and co-workers (77) reported a similar protocol in the total synthesis of 
sarain A. The five-membered ring of the tricyclic central array was constructed via 
thermolysis of aziridine 244 to furnish the intramolecular [3 + 2] -cycloaddition 
product 245 in 73% as a single regio- and stereoisomer. Further chemical 
elaboration to 245 followed by FeCls induced cyclization delivered the advanced 
synthetic intermediate 247 (Scheme 3.83). 




3.3. Intramolecular Cycloadditions 



223 





Scheme 3.81 



C02Et 



HN 





(239) (240) 



Figure 3.16 



In a similar approach, Garner et al. (78) made use of silicon-based tethers 
between ylide and dipolarophile during their program of research into the applica- 
tion of azomethine ylides in the total asymmetric synthesis of complex natural 
products. In order to form advanced synthetic intermediates of type 248 during 
the asymmetric synthesis of bioxalomycins ( 249 ), an intramolecular azomethine 
ylide reaction from aziridine ylide precursors was deemed the best strategy 
(Scheme 3.84). Under photochemically induced ylide formation and subsequent 
cycloaddition, the desired endo-re products 250 were formed exclusively. However, 
due to unacceptably low synthetic yields, this approach was abandoned in favor of a 
longer tether (Scheme 3.85). 
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Silicon-based tethers of the type developed by Shea for Diels-Alder 
reactions were selected since they appeared to fulhll all the required criteria. 
Synthesis of the siloxy tethered aziridines was easily achieved and these underwent 
photochemical formation to the azomethine ylide and in situ intramolecular 
cycloaddition. However, the unexpected and undesired endo-si product 251 
was generated as the major product in 45% yield. Replacement of the silyl 
tether to form 12-, 10-, 9- membered rings gave exactly the same unexpect- 
ed products as obtained with the 13- membered ring. Remarkably, the use of 
silyl tethered aziridine 252 gave the required cycloadduct 253 in excellent de and 
yield, and the adduct underwent further elaboration to the desired intermediate 254. 
Garner was unahle to reconcile these contrasting results, although they do offer 
extremely interesting potential for stereo- and regiocontrol over such reactions 
(Scheme 3.86). 

Similarly, Takano et al. (79) reported the intramolecular, asymmetric cycloaddi- 
tion of ylides derived from thermal decomposition of aziridines 255 with the 
stereoselectivity rationalized by the formation of a postulated nine-membered 
transition state 256 in which the benzyloxymethyl group was forced into an 
equatorial disposition. The resultant pyrrolidine 257 contained three new stereo- 
genic centers, each imposed with high control (Scheme 3.87). 

In an extension to this work, this group applied the protocol to the synthesis of 
(— )-mesembrine (258). The key ylide formation and cycloaddition sequence was 
performed in xylenes at 250 °C in a sealed tube, furnishing the desired pyrrolidine 
lactone 259 as a single isomer in excellent yield, and further chemical elaboration 
yielded the target compound 258. Again it can be postulated that the stereochemical 
outcome is due to the bulky benzyloxymethyl group lying in an equatorial en- 
vironment in the transition state (Scheme 3.88). 

Acromelic acid A (260), isolated from Clitocybe acromelaga, displays the 
most potent polarizing effect of all known kainoids. By application of the same 
intramolecular aziridine thermolysis route described above, Takano et al. (80) 
outlined a concise entry into such compounds. Thermolysis of the chiral aziridine 
261, derived from (5)-0-benzylglycidol in 1,2-dichlorohenzene at 200 °C, furnished 
the single reaction product 262 in 73% yield. The complete control over the 
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diastereofacial selectivity, delivering all the substituents in a syn orientation, was 
rationalized by invoking the nine-membered transition state detailed in 
Scheme 3.89. Standard synthetic manipulation furnished the desired enantiopure 
product 260. 
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3.3.2. Decarboxylative and Amino Ester Condensation Protocols 

In an extensive study into the application of the decarboxylative approach to 
azomethine ylides, Grigg reported the construction of numerous, complex poly- 
cyclic systems via an intramolecular protocol. Thiazolidine-4-carboxylic acid (263) 
was shown to react with 264 in refluxing toluene to furnish a 2: 1 mixture of 265 and 
266 in 63% yield (81). The reaction is assumed to occur via condensation of the 
aldehyde and amino acid to generate the imine 267, followed by cyclization to 268. 
Subsequent thermal decarboxylation of the ester generates either a syn dipole 
leading to 265 from an exo transition state, or an anti dipole and endo transition 
state generating adduct 266 (Scheme 3.90). 

Likewise, a wide range of complex polycyclic systems was constructed from 
suitable precursors. Compounds 269 and 270 were synthesized in 79% yield in a 
1.6:1 ratio from tetrahydroisoquinoline-1 -carboxylic acid, while 271 was obtained 
as a single stereoisomer in 87% yield from tetrahydro-P-carboline-1 -carboxylic 
acid (Scheme 3.91). 

Similar products could be generated via azomethine ylides derived by a formal 
1,2-H shift from the precusor imine, rather than by the decarboxylative approach 
outlined above (82,83). For example (83), condensation of aldehyde 272 with the 
requisite amino ester 273 led to the intermediate ylide, which delivered adducts 
274 and 275 in a 1.2:1 ratio in 75% yield. Grigg has once again applied this 
protocol to the synthesis of a wide range of complex molecular frameworks (276 
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and 277 ) all derived from the condensation of the requisite aldehyde and amino 
ester (Scheme 3.92). 

Grigg et al. (84) also used protoanemonin-based compounds as C(5) synthetic 
precursors in intramolecular cycloadditions. The 4-substituted protoanemonin 278 
was synthesized in seven steps and was primed for intramolecular reactions. 
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Treatment with amines of the type 279 generated the intermediate oxazolidinone 
280 , which underwent thermal decarboxylative formation of the azomethine ylide. 
Subsequent in situ intramolecular cycloaddition formed the products 281 and 282 in 
63% yield and in a 1:1.2 ratio for «= 1. Replacing toluene for acetonitrile, for 
n = 2, gave comparable yields and an improved ratio of 1:2.1 in favor of 281 
(Scheme 3.93). 

The stereochemical outcome of the reaction can be reconciled by assuming that 
the generated ylide lies in such a way as to form an anti dipole of the type seen in 
Figure 3.17, which subsequently undergoes cycloaddition to either the a,p- 283 , or 
y,§- 284 double bond via endo transition states. A jyw-dipole would suffer high 
steric restriction between the methylene a to the nitrogen and the protons of the 
iminium bond. 





Figure 3.17 
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Confalone et al. (85) also made use of an intramolecular cycloaddition step in 
the construction of a range of tri- and tetracyclic products. Phenyl allyl ethers, of 
the type shown in Scheme 3.94, underwent dehydrative condensation with the 
requisite amine to furnish the intermediate ylides, which suffered cycloaddition 
resulting in 285 and 286 in essentially quantitative yield. The ratio of cis/trans 
fused products was in the range of 10:1. Such a process has been developed to 
construct the alkaloid (+ /— ) sceletium A 4 by reaction of the intermediate 287 with 
amine 288 via the cycloaddition protocol already developed, followed by further 
chemical manipulation, in an efficient five step synthesis (Scheme 3.94). 

The same group has also reported the use of dithiane functionalized olefinic 
aldehydes in an intramolecular process. Treatment of 289 with the secondary amine 
290 led to the formation of the intermediate ylide 291, which delivered a range of 
tricyclic products (292) in high material yield as essentially a single stereoisomer 
after in situ cycloaddition (Scheme 3.95). 

A novel application of phosphate-stabilized ylides in intramolecular reactions 
has been reported by Martin and Cheavens (87). Thus, condensation of aldehydes of 
the type 293 with the amine 294 furnished the intermediate azomethine ylide, 
which then underwent a cycloaddition process, leading to pyrrolidines 295, where 
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COzEt 



X = O, CH 2 , or NS02Me. In each case, the only products detected were the cis- 
fused cycloadducts, whereas replacement of the phosphate group with a cyano 
functionality gave rise to traces of the trans product. Subsequent oxidative removal 
of the epimeric phosphate group provided the lactams shown (Scheme 3.96). 
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Harwood and Lilley (87) reported the tandem generation and intramolecular 
trapping of a stabilized azomethine ylide, derived from the enantiopure template 
examined in detail in Section 3.2.3. Condensation of 5-hexenal with template 205 
under standard conditions led to in situ ylide generation and subsequent cycloaddi- 
tion of the tethered alkene to furnish 296 as a single enantiomer in 95% yield after 
purification and this despite the fact that the dipolarophile is unactivated. Hydro- 
genolytic destruction of the template revealed the bicyclic amino acid 297 in 
75% yield (Scheme 3.97). 

The reaction protocol also accommodated the use of sulfur containing aldehyde 
3-thia-5-hexenal, furnishing the expected product 298 in 75% purified yield (66,67). 
Desulfurization with Raney Ni, followed by hydrogenolysis, resulted in formation 
of (IS, 4R, 5R)-4,5-dimethylproline (Scheme 3.98). 

Further elaboration of the sulfur cycloadducts could be achieved by the use of a 
Pummerer rearrangement in the syntheses of 5-(hydroxymethyl)prolines. Oxidation 
of adduct 298 to sulfoxide 299, followed by treatment with TFA in DCM and 
quenching with either methanol or benzyl alcohol, delivered the Pummerer products 
300 in 57% yield for R = Me and 38% for R = Bn as single diastereoisomers. 
Raney Ni desulfurization and Pearlman’s catalyst mediated hydrogenolysis, for 
R = Bn furnished the final enantiopure proline derivative (Scheme 3.99). 

In an extension to this work, treatment of the template with 5-hexynal under the 
standard dehydrating conditions furnished the cycloadduct 301 in good yield (68). 
However, structural analysis of both the product and the azabicyclo[3.3.0]octane-3- 
carboxylic acid, derived by hydrogenation of the double bond, followed by 
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hydrogenolytic template destruction, revealed that the stereochemistry at C(8) was 
opposite to that previously observed (Scheme 3.100). 

However, hy considering models of the anti configured ylide (Fig. 3.18), it was 
concluded that the inclusion of a three-carbon tether forces the reactive centers to 
be too sterically constrained to suffer intramolecular cycloaddition with an alkyne 
dipolarophile. Conversely, the syn ylide is able to achieve the correct approach for 
such a process, despite the steric interaction with the phenyl ring. Extension of the 
interim chain by one methylene unit using 6-heptynal, introduced a greater degree 
of flexibility into the system, allowing for the formation of the expected diaster- 
eoisomers (Scheme 3.101). 

In a similar study to that outlined by Grigg, Kanemasa et al. (68) has 
demonstrated the intramolecular cycloaddition of azomethine ylides derived from 
either amino acids or esters. Treatment of the amino methyl ester 302 with 




Figure 3.18 



3.3. Intramolecular Cycloadditions 



235 



Ph 





Scheme 3.101 




equimolar amounts of (£')-7-phenyl-5-oxo-6-heptenal (R = Ph) with azeotropic 
removal of water led to the formation of cycloadduct 303 as a single stereoisomer 
in 95% isolated yield. Similarly, 304 furnished 305 (R = Ph) in 90% and 305 
(R = Me) in 65%, each as a single cis fused stereoisomer (Scheme 3.102). 

However, treatment of amino acids 302 and 304 with aldehyde 306 led to the 
formation of the products 307 and 308 , respectively. Product 307 (R = Ph) was 
formed in 82% yield, while 308 was isolated in 84% yield (R = Ph) and 70% yield 
(R = Me), each as a single stereoisomer. 

The decarboxylative approach to the ylide formation generated cycloaddition 
products derived from cycloaddition of the ylide to the carbonyl moiety of the 
molecule, as opposed to the alkene as seen in previous examples. Kanemasa has 
reconciled this observation by consideration of the postulated transition state model 
of the reaction. It was assumed that the steric repulsion of the terminal olefinic 
substituent and the ylide would favor transition state 309 (Fig. 3.19). Additionally, 
nonstabilized azomethine ylides have a higher energy HOMO than stabilized 
ylides, and would therefore prefer the LUMO of the carbonyl than the lower lying 
alkene LUMO. Formation of fused five-membered rings would also be kinetically 
favored over construction of six-membered ring (Scheme 3.103). 
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This reaction has also been carried out with 4-oxo-5-hexenal ( 310 ), where the 
interim tether between ylide and dipolarophile is one carbon shorter. In this case, 
310 delivered two regioisomeric products (311 and 312 ) in a 4:1 ratio in 53% yield. 
By the same protocol, 310 furnished the two isomers 313 and 314 . For R' = r 2 = 
Ph, the ratio of 313 to 314 was 4:1 in a combined yield of 38%, while for R' = Ph 
and R^ = Ph-(£)-CH=CH, the ratio improved to 7:1 in favor of 314 , although the 
material yield was still low at 42% (Scheme 3.104). 

The central hve-membered ring of Manzamine A (315), a member of a family of 
antileukimic and antibacterial marine polycyclic alkaloids, has been constructed 
using intramolecular azomethine ylide technology (88). Model studies on the 
construction of the central ABC rings, by condensation of the aldehyde 316 
prepared by standard chemistry with sarcosine ethyl ester, furnished the desired 
ABC ring system as a single diastereoisomer in 45% yield (Scheme 3.105). 

The synthesis of oxotetrahydroindoles by an intramolecular reaction of an 
azomethine ylide and an acetylene functionality has been reported by Martinelli 
and co-workers (89). Conversion of the precursor ester 317 to the requisite acid by 
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Lil in EtOAc, which underwent subsequent ylide formation and cycloaddition in 
AC 2 O, furnished the desired cycloadduct 318 in reasonable yield with concomitant 
loss of the silyl group. The reaction proved to be general, with a range of products 
(319-322) being synthesized from the corresponding acid precursors. The 
presence of the silyl group appears to be essential to the reaction, since its re- 
placement with other functionalities led to a distinct reduction in reaction efficiency 
(Scheme 3.106). 

3.3.3. Alternative Generation Procedures 



4-Oxazolines, as synthetic precursors to azomethine ylides, have been exten- 
sively studied by Vedejes and Day (90), as discussed in Section 3.1.2, with the 




( 315 ) 



Scheme 3.105 




238 



Azomethine Ylides 




protocol being further extended to the construction of indoquinones. Synthesis of 
the cycloaddition precursor 323 was achieved in five steps and this was set up for 
intramolecular cycloaddition by treatment with TMSCN/CsF in acetonitrile to 
yield the desired product in 68% yield, which subsequently underwent DDQ 
oxidation to the final indoquinone 324. The cycloaddition proceeds with total 
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regiocontrol, a graphic illustration of the benefits of intramolecular methodology 
(Scheme 3.107). 

The desilyation of indolium salts has been shown by Fishwick et al. (91) to 
provide azomethine ylides, which undergo in situ, intramolecular cyclization. The 
tetracyclic products are formed in moderate yield, but with complete stereocontrol, 
each ring being cw-fused. Unfortunately, the reaction is only successful for two- 
carbon bridging chains. Elongation of the pendant alkene chain, to either three or 
four carbons, gave products arising from a 1,4-hydrogen shift, furnishing the 
exocyclic enamines 325 . Molecular modeling experiments indicated severe steric 
interactions between the 2-methyl substituents and the methylene group, disfavor- 
ing an intramolecular cycloaddition (Scheme 3.108). 

The same research group has demonstrated a similar intramolecular process in 
the construction of bicyclic adducts 326 (92). The CsF desilyation of precursors 
327 , after subsequent reaction of the internal dipolarophile, delivered the expected 
cycloadducts with complete stereocontrol when either thioether and ether tethers or 
activated and unactivated dipolarophiles were used. In contrast with intermolecular 
protocols, the reaction was successful with both activated and unactivated alkenes. 
In addition, unlike the previous example, formation of both six (n = 2)- and five 
(n= l)-membered rings occurs (Scheme 3.109). 
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3.4. METAL-MEDIATED REACTIONS 



Metal-mediated processes represent an important advance in azomethine ylide 
chemistry, allowing reactions to proceed at ambient temperatures. They also allow 
for the possibility of chiral catalysis, which is a little explored area as yet, but 
represents an exciting development allowing for the induction of enantiocontrol 
without the need for stoichiometric stereocontrolling units. 

Combinatorial chemistry has attracted intense interest in recent years, particu- 
larly from within the pharmaceutical and agrochemical industries, as it allows for 
the rapid generation of large libraries of small compounds for high throughput 
screening. Gallop and co-workers (93) at the Affymax Research Institute, utilized 
resin bound azomethine ylides, generated via a metal mediated protocol in the 
construction of such a library. A series of polystyrene peptide resins, preloaded with 
Fmoc protected amino acids, underwent condensation with a range of aromatic and 
heteroaromatic aldehydes to form the requisite imines in almost quantitative yield. 
The AgNOs/ Et 3 N mediated generation and subsequent cycloaddition with singly 
substituted olefins generated >500 mercaptoacyl prolines. 

Split synthesis of the library using four amino acids, four aldehydes, and hve 
olehns in the presence of four mercaptoacyl chlorides (Scheme 3.110) generated the 
required proline library that was screened, after TFA cleavage of the products from 
the solid support, for inhibition of angiotensin converting enzyme ACE. 

Erom this, an equimolar mixture of 328 and 329 was shown to display potent 
activity. Separation of these compounds led to the observation that 329 displayed 
very little activity, while 328 showed an inhibition of ACE of /Tj ~ 160 pM, which 
is among the highest activity of a thiol containing inhibitor known to date 
(Fig. 3.21). 

As part of Toke’s ongoing program toward novel analogues of Cephalotaxus 
alkaloids, a short and efficient route through to polyfunctionalized pyrrolidines 
bearing an aromatic substituent at C(3) and a trans nitro group at C(4) was required. 
As such, the 1,3-dipolar cycloaddition route was elected as the most efficient 
method for the stereoselective formation of such compounds (94). Treatment of the 
glycine-derived azomethine ylide 331, formed from imine 330 in the presence of 
triethylamine and LiBr at ambient temperatures with nitroalkenes, furnished 
cycloadducts 332 and 333, each as a single regioisomer. For Ar = 334, the reaction 
proceeded in 61% yield for the major isomer with a diastereomic ratio of 
332:333 = 2.5:1. Similarly, Ar = 335 yielded 332 and 333 in 47% but with a ratio 
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Figure 3.20 



of 3.5:1. For Ar = Ph, LiBr proved to be a poor catalyst, furnishing the adducts in 
only 22% yield (Scheme 3.111). 

However, replacement of LiBr with AgOAc inverted the ratio of exo to endo 
products. For Ar = 334 , the major adduct was isolated in 42% yield with an endo/ 
exo ratio of 1:1.7, while Ar = 335 gave 333 in 36% yield with an endo/exo ratio of 
1:2.3. Note that attempts at the thermal reaction met with low yields of complex 
reaction mixtures containing all possible regio- and stereoisomers. This study 
exemplifies the value of metal mediation in the stereo- and regiocontrol of 
azomethine ylide cycloadditions. 

Pyroglutamates and their analogues are important compounds in the study and 
treatment of neurological diseases such as epilepsy, Alzheimer’s disease, and 
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treatment of stroke. In studies toward the synthesis of a-quaternized analogue, 
Alvarez-Ibarra reported the use of samarium-mediated dipolar cycloadditions (95). 
Treatment of the sulfur-containing precursor 336 with Sml 2 in THE, in the presence 
of an a,p-unsaturated ester followed by in situ hydrolysis, furnished the expected 
pyroglutamates in excellent yields and diastereomeric ratios. Eor R' = R^ = Me, 
337 was isolated in 85% with a de of 80%, while R^ = *Bu gave 337 in 80% yield, 
de = 80%. Similarly, for R^ = Bn, R^ = ^Bu gave an isolated yield of 80% with a de 
of 75% (Scheme 3.112). 

The mechanistic rationale assumed Sml 2 -induced generation of a radical anion 
by single electron transfer causing ketone 336 to undergo ketyl radical formation. 
Subsequent unimolecular fragmentation is proposed to be favored over dimeriza- 
tion or C— C bond formation due to the steric bulk of the ketone and also due to 
resonance stabilization favoring the fragmentation product. Subsequent cycloaddi- 
tion and hydrolysis of the azathioenolate furnished the a,a-disubstituted y-carboxy- 
pyroglutamates (Scheme 3.113). 
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The high diastereofacial selectivity of the reaction is believed to be due to the 
highly ordered endo transition state in which the Sm(II) cation is coordinated to 
the dipole and dipolarophile, a situation not possible in the exo transition state 
(Fig. 3.22). 

Planar chiral arene Cr(CO )3 complexes have been shown to undergo highly 
diastereoselective cycloadditions and Kiindig has extended this protocol to the 
[3 + 2] cycloadditions of azomethine ylides (96). Enantiopure ortho- substituted r{‘- 
benzaldehyde complex 337 underwent condensation with an a-amino ester to afford 
imine 338 in the presence of EtsN. Subsequent treatment with methyl acrylate at 
ambient temperature in the presence of LiBr and Et 3 N delivered cycloadduct 339 , 
with excellent stereoinduction and high material yield. Photoinduced oxidative 
decomplexation in air furnished the hnal arylpyrrolidines (Scheme 3.114). 

In each case, only a single diastereoisomer was observed, with enantiomeric 
excesses (ee) of the final decomplexed products being >98%. Eor R' = OMe and 

= FI and Me yields were in the order of 75% while R* = OMe or Me, R^ = Ph or 
H gave yields >80%. However, R^ = C1 and R^ = H gave a reduction in yield to 
52%, although the reaction still proceeded with complete stereocontrol, with methyl 
acrylate. The reaction could also be conducted, with complete stereocontrol, in 
the presence of TiCl(0/-Pr)3 and Et 3 N, as outlined by Grigg, although with a 
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reduced yield of 44%. The exclusive syn- and enc/o-selectivity of the reaction can 
he reconciled by assuming the dipolarophile can approach from only one face of the 
lithiated azomethine ylide (Fig. 3.23). 

Although Grigg et al. (97) have been prolific authors in azomethine ylide 
chemistry, probably their greatest contribution has been in the development of 
metal-mediated technologies, leading to elegant solutions to the problems of regio-, 
stereo-, and enantiocontrol over reactions. Typically, Et 3 N or DBU deprotonation of 
amino esters, with subsequent metalation of the anion, led to the formation of 
stabilized, metallo-l,3-dipolar systems (340), often to the extent where isolation is 
possible (Scheme 3.115). 

An initial survey studied the cycloaddition between 341 (R' = Me) and mal- 
eimide in the presence of copper(II) acetate and 1 M equiv of Et 3 N with pyridine as 
solvent, leading to the formation of the expected adduct 342 at room temperature 
after a few hours. The reaction delivered a single product arising from an endo 
transition state in 60% yield. The reaction protocol was further extended to include 
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a range of metal ions and olefinic dipolarophiles. Typically, substrate 341 with 

= Me, = OMe, in the presence of zinc or cadmium as the coordinating metal 
ion, led to the formation of 343 in 89% and 343 in 90% yield, respectively. While 
the zinc mediated reaction led to the formation of a single stereoisomer in 80% 
yield, for R*=Ph, R^ = OMe, cadmium led to the formation of a 9:1 ratio of 
diastereoisomers, although it is unclear whether this difference in stereocontrol is 
due to change in the metal or subsequent product isomerization, due to prolonged 
reaction times and contact with Dowex resin (Scheme 3.116) (98). 

The reaction also proceeds with a high degree of regiospecificity. In particular, 
treatment of 344 with methyl acrylate (R = C02Me), acrylonitrile (R = CN), and 
phenylvinyl sulfone (R = S02Ph) with Zn(II) as the metal salt, led in each case to 
the formation of a single regio- and stereoisomer ( 345 ) in 70, 87, and 80% yield, 
respectively (Scheme 3.117). 

Replacement of the metal salts with Ti(II) led to a reversal in the observed 
regiocontrol of the reaction (99). Treatment of 346 with methyl acrylate, in the presence 
of Ti(Oi-Pr) 3 Cl and 1 M equiv of Et 3 N, led to the formation of a 1:1.4 mixture of 
347 and 348 . The observed transesterification was also regiospecific and was judged 
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to have occurred on the cycloadducts rather than the initial imines. The observed 
regiochemistry was reconciled by chelation of both imine and dipolarophile to form 
an intermediate of the type 349. The protocol could also be applied intramolecu- 
larly, with 350 furnishing 351 as a 6.5:1 mixture of esters R = Me: R=i-Pr in a 
combined yield of 65% (Scheme 3.118). 

By attachment of a chiral controlling unit, the reaction could also be carried out 
asymmetrically (100). Subjecting 352 (R^ = 2-naphthyl, R^ = H) to cycloaddition 
with 353 in the presence of AgOAc (1.5 M equiv) and Et 3 N (1.0 M equiv) furnished 
the enantiopure adduct 354 in 50%, with no other reaction products being observed. 
The reaction could be improved by alteration of the metal salt. Treatment of 352 
(R' = R^ = Ph) with dipolarophile 353 in the presence of LiBr and Et 3 N delivered 
the expected, enantiomerically pure adduct 354 in >90% yield, while 352 (R^ = 
2-naphthyl, R^ = H) gave rise to 354 in quantitative yield with TINO 3 and Et 3 N 
(Scheme 3.119). 

The intriguing reversal of regiochemistry observed previously in the Ti(Oi- 
Pr) 3 Cl mediated protocol was also observed in the asymmetric example. Subjection 
of 355 to cycloaddition with 356 mediated by Ti(0/-Pr)3Cl/Et3N led to the 
transesterified product 357 as a single enantioenriched diastereoisomer in 75% 
yield (Scheme 3.120). 
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Of greater synthetic interest is asymmetric induction by the use of chiral 
catalysis. Grigg was the first to report chiral catalysis of 1,3-dipolar cycloadditions 
in 1991 (101). A study of metal salts and chiral ligands revealed that 358 underwent 
cycloaddition with methyl acrylate to furnish adduct 359 in the presence of C 0 CI 2 
and (IR, 25)-A-methylephedrine as the chiral ligand. The pyrrolidine product was 
isolated in 55% yield with an ee of 84%. The use of methyl acrylate as solvent led 
to an improved yield of 84% with an excellent ee of 96% (Scheme 3.121). 

The compounds MnBr 2 , CoBr 2 , and C 0 F 2 , in the presence of ephedrine, 
camphor, and other ligands, led to chiral induction, although with less success 
than the previously detailed example. The reaction outcome is rationalized by the 
transition state 360 in which the cis methyl and phenyl groups of the ligand, gave a 
pseudo-equatorial 2-naphthyl group, blocking one face of the imine (Fig. 3.24). 
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Scheme 3.120 
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Figure 3.24 

3.5. CONCLUSION 



The recent explosion of interest in azomethine ylides is well justified when 
considering their synthetic utility in the construction of heterocycles and polycyclic 
systems. Not only does the wealth of ylide generation protocols permit application 
to a range of heterocyclic structures, but the advent of chiral control over reaction 
products and intramolecular protocols allows for azomethine ylide cycloadditions 
to be applied to a wealth of synthetic problems, particularly those developed by 
natural product synthesis. One of the most exciting areas likely to receive intense 
scrutiny in the future will be asymmetric catalysis, allowing for the construction of 
enantioenriched products from achiral precursors without the need for stoichio- 
metric stereocontrolling units. Interest in these reactive intermediates shows no sign 
of abating. 
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Carbonyl Ylides 



4.1. SYNTHESIS, STRUCTURAL STUDIES, AND 
REACTIVITY OE CARBONYL YLIDES 



Carbonyl ylides (1) are highly reactive dipoles that have been proposed as key 
intermediates in a variety of reactions since the 1960s (Fig. 4.1). Since these early 
reports, there has been a virtual explosion in the study of these unstable 
intermediates both at the theoretical level and more recently in their application 
to organic synthesis. This chapter will focus on the structure, generation, and 
chemical reactions of carbonyl ylides and will review the literature since 1984. 

The structure of the carbonyl ylide reveals that it is a 1,3-dipolar species and is 
poised to undergo a variety of different reactions. The ability of carbonyl ylides to 
engage in bond-forming processes has promoted their use in organic synthesis. 
Although there are several pathways open to these zwitterionic intermediates, there 
are a few that have been the focus of detailed mechanistic and synthetic 
investigations (Fig. 4.2). 

The carbonyl ylide 1 can undergo an internal cyclization reaction to generate the 
corresponding epoxide 2, which is in fact an equilibrium process, and epoxides 
themselves have frequently served as precursors to carbonyl ylides. Other pathways 
such as concerted rearrangements and internal proton transfers have also been 
observed to neutralize the charged ylide intermediate and give substituted ethers as 
represented by 3. Perhaps the best known studies and most synthetically useful 
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Figure 4.1 Structure of carbonyl ylides. 
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Figure 4.2 Reactions of carbonyl ylides. 
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reaction of carbonyl ylides arises from their participation in [3 + 2]-dipolar 
cycloaddition reactions. The carbonyl ylide reacts efficiently as a 1,3-dipolar 
intermediate with a variety of double- and triple-bond species to lead to the 
production of five-membered oxacycles such as 4. 

4.1.1. Structural Studies of Carbonyl Ylides 



The exact structure of carbonyl ylides has been the subject of a variety of 
theoretical investigations over the past few decades since their intermediacy was 
suggested in 1965 during the cycloaddition reaction of substituted epoxides (1). 
Houk et al. (2) has undertaken a detailed study of the carbonyl ylide structure and 
reactivity by the application of computational methods (Fig. 4.3). 

It was determined that the energy of the carbonyl ylide 6 was 63 kcal/mol higher 
than the ethylene oxide precursor (5). The C— H bond lengths were fixed (1.09 A), 
as were the HCO angles (118°), then the optimized geometry was determined 
(STO-3G level) for the C— O— C bond length and angle. The optimal geometry was 
determined to be that shown in the planar structure 6 with a C— O— C bond angle of 
129° and a C— O bond length of 1.297 A that would be expected to optimize the 
allylic-type resonance possible for these charged species. The planar intermediate’s 
C— O bond length of 1.297 A lies in between the C=0 bond length of formalde- 
hyde (1.119 A) and the C— O bond length of dimethyl ether (1.416 A). Rotation of 
the C— O bond, 90° out of plane, gave the twisted ylide structure 7 (with a higher 
degree of zwitterionic character) that was found to be energetically unfavorable as 
is the linear structure 8. Houk et al. (2) proceeded to calculate the geometries of 
more highly substituted ylides including the highly stabilized push-pull carbonyl 
ylides. 

Although many substituted carbonyl ylides had been generated, the parent 
carbonyl ylide 6 had not been prepared experimentally until 1986 as reported in 
an elegant study by Olah and co-workers (3) (Scheme 4.1). 
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Figure 4.3 Energies of carbonyl ylide geometries, bond length in angstroms (A), and bond angles in 
degrees at the 4-31 G level. 
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Scheme 4.1 Generation of the parent carbonyl ylide. 



Photolysis of dideuteriodiazomethane ( 9 ) generated the dideuteriocarbene ( 10 ) 
that was trapped as the carbonyl ylide 12 by addition of a solution of monomeric 
formaldehyde in dimethyl ether. The position of the deuterium label is fluxional via 
the resonance form 13 that decomposed through loss of methylene to give 
dideuterioformaldehyde ( 14 ) as an exchange product. This product was detected 
as 10-12% of the total reaction mass by mass spectrometry (MS). Dideuterioethy- 
lene oxide, a compound generated by direct insertion of the carbene into the C=0 
bond of formaldehyde or via collapse of ylide 12 , was not detected by MS. 
Significantly less exchange was observed without photolysis, which involved a 
direct dipolar cycloaddition of formaldehyde to dideuteriodiazomethane, followed 
by the thermal extrusion of nitrogen. These workers take these observations as an 
indication that they were able to generate the parent ylide, formaldehyde-0- 
methylidine for the first time. 

Turro and Cha (4) conducted ylide-trapping experiments with the simple 
carbonyl ylide generated from methylene and acetone (Scheme 4.2). A solution 
of diazomethane and a trapping agent (acrylonitrile) was dissolved in acetone ( 15 ) 
and irradiated at low temperatures with an Oriel 1000-W Xe-Hg lamp. Generation 
of singlet methylene followed by trapping with acetone was proposed as the 
synthetic route to generate the carbonyl ylide 16 . Subsequent [l,3]-dipolar 
cycloaddition with acrylonitrile generated the tetrahydrofuran (THF) derivatives 
17 and 18 in a 2: 1 ratio. The preference for the formation of 17 , as analyzed with 
frontier molecular orbital (FMO) theory, suggests that in the highest occupied 
molecular orbital (HOMO) of 16 (typically used in dipolar cycloaddition reactions), 
the anionic charge is more localized on the unsubstituted position. The terminus of 
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Scheme 4.2 Ylide trapping experiments. 
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(22) (23) (24) 

Scheme 4.3 Laser photolysis study of a carbonyl ylide. 



the dipole would be expected to interact with the electron-poor P-position of 
acrylonitrile where the coefficient of the lowest unoccupied molecular orbital 
(LUMO) would be the largest. Laser flash photolysis of assorted carbonyl ylides 
was undertaken in 1990 by Bonneau and Liu (5). These authors examined the ylide 
formed through thermal decomposition of aryl chlorodiazirines in the presence of 
acetone (Scheme 4.3). 

Decomposition of 18 under thermal conditions in the presence of acetone in 
hydrocarbon solvent led to the formation of 23 and 24 . These were shown to arise 
through rearrangement of the chloroepoxide ( 22 ) formed upon collapse of ylide 19 . 
Thermolysis in the presence of excess acetone and a substituted benzaldehyde led 
to a 53% yield of 21 , formed by an initial dipolar cycloaddition with the substituted 
benzaldehyde and ylide 19 to generate dioxolane 20 . Dehydrochlorination of 20 
yielded 21. 

Laser flash photolysis of 18 (Ar = / 7 -NO 2 C 6 H 4 ) led to the formation of the aryl 
chlorocarbene detected at 320 nm. In the presence of acetone, a new species was 
observed at = 590 nm that was assigned the structure of carbonyl ylide 19 . The 
ylide, formed by attack of acetone on the carbene, was shown to be irreversible, 
where the lifetime of the ylide (1.35 ps, kcycuzadon = 7.40 x 10^ s“*) was controlled 
by cyclization to the aryl epoxide 22 . The rate constant for the cycloaddition of 
substituted benzaldehydes to produce dehydrodioxolane (21) was determined 
experimentally (e.g., p-ClPhCHO=6.16 x 10^ M“^s“^). 

The formation of carbonyl ylides from esters was also observed by a laser 
photolysis study conducted by Chateauneuf and Liu ( 6 ). The formation of ester 
ylides is much less common than from aldehydes or ketones (Scheme 4.4). 

Photolytic decomposition of diazirine ( 25 ) in the presence of ethyl acetate led to 
the formation of the ester derived carbonyl ylide ( 26 ). Trapping of the ylide with 
diethyl fumarate led to the formation of the dihydrofuran 28 , generated by 
dehydrochlorination of the initial cycloadduct 27 . It occurred with a rate constant 
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Scheme 4.4 Generation of a carbonyl ylides from esters. 



of ^ = -1.0 X 10^ s \ Omission of the trapping agent led to the formation of the 
chloroepoxide 29 that forms 30 and 31 upon thermolysis of the oxirane via 
rearrangement. This reaction occurs with a rate constant of A: = 1.3 x 10® s“\ 

The first report regarding the structure of a stable carhonyl ylide was disclosed in 
1983 by Arduengo and co-worker (7). This exciting result was accomplished by 
taking advantage of the highly stabilized push-pull nature of carbonyl ylides 
containing substituents that stabilize the zwitterionic intermediate (Scheme 4.5). 

Photolytic decomposition of diazotetrakis (trifluoromethyl) cyclopentadiene ( 32 ) 
in the presence of tetramethylurea led to trapping of the singlet carbene by the 
highly nucleophilic oxygen atom of the urea moiety to give ylide 33 . The presence 
of four trifluoromethyl groups helps to stabilize the aromatic-like cyclopentadienyl 
anion while the two dimethylamino group help delocalize the cationic terminus of 
the dipole. The ylide is a remarkably stable example of a push-pull ylide and can be 
isolated as a crystalline solid (mp 200-202 °C). High-quality crystals, suitable for 
X-ray analysis, were produced and the solid-state structure of 33 was determined. 
The central C— O— C angle is 121.1°, similar to the bond angle of an sp^ hydridized 
carbon while the two C— O bonds differ in length, 1.348 A for the cationic terminus 
and 1.422 A for the anionic terminus. The high stability of the anion delocalized 
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Scheme 4.5 Generation of 
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through the cyclopentadienyl system allows it to twist out of plane and produce a 
nonplanar stable intermediate. 

4.1.2. Generation of Carbonyl Ylides from Nonstabilized Carbenes 



As illustrated in Section 4.1.1, the addition of nonstabilized carbenes to the 
oxygen atom of a carbonyl derivative can lead to the production of carbonyl ylides. 
However, these methods are not always practical for preparative scale since many 
side reactions can accompany the decomposition of alkyl diazo and diazirine 
derivatives. Landgrebe and co-worker (8) extensively studied the thermal decom- 
position of organomercurials in the presence of carbonyl compounds for the 
preparative generation of carbonyl ylides (Scheme 4.6). 

Heating organomercurial 34 resulted in the a-elimination of phenyl mercury 
bromide, generating dichlorocarbene, followed by addition of benzaldehyde to form 
the corresponding carbonyl ylide 35. This ylide can be intercepted with dimethyl- 
acetylene dicarboxylate (DMAD) to produce dihydrofuran (36), which formed 
furan 37 through a dehydrochlorination process in 46% yield. 

Alkene dlpolarophiles such as diethyl fumarate were shown to be somewhat less 
reactive than electron poor acetylenes (9), but were effective for the formation of 
dihydrofuran derivatives (Scheme 4.7). 

Carbonyl ylide 35, generated from the carbene precursor 34 and benzaldehyde, 
was trapped with diethylfumarate to give the highly substituted THF 38. Under the 
reaction conditions, elimination of hydrochloric acid occurred spontaneously to 
give the cis and trans substituted dihydrofurans 39 and 40 in a 7:3 ratio and a 30% 
overall chemical yield. If the trapping agent was omitted from the reaction, complex 
product mixtures were recovered including products derived from the deoxygena- 
tion of the aldehydes (10). Liu and co-workers (11) conducted similar studies, 
generating the initial carbene via thermolysis of substituted diazirines (Scheme 4.8). 
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Scheme 4.6 Generation of ylides via organomercurials. 
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Scheme 4.7 Generation of dihydrofurans from organomercury compounds. 



Thermolysis of aryl chloro diazirine ( 18 ) in the presence of acetone and a 
trapping agent such as A^-phenylmaleimide gave rise to cycloadducts such as 41 . The 
unstable adduct hydrolyzed during purification resulting in synthesis of bicyclic 
hemiacetals 42 and 43 as a mixture of endo and exo adducts in 37 and 8% yield, 
respectively. The exclusive generation of the singlet carbene was confirmed by low- 
temperature electron spin resonance (ESR) study of the irradiated diazirine. 

Hosomi and co-workers (12) recently developed a novel method for generating 
nonstabilized carbonyl ylides through a samarium-mediated reaction (Scheme 4.9). 

This unusual reaction involves the reductive dimerization of protected iodohy- 
drin ( 44 ) that produced a symmetrically substituted carbonyl ylide ( 48 ). The 
mechanism proposed for this interesting process involved initial reduction of the 




Scheme 4.8 Trapping of ylides from diazirines. 
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Scheme 4.9 Generation of Nonstabilized ylides. 



carbon iodide bond that gave the a-metalated derivative 45 that served as a carbene 
precursor through a-elimination of the siloxy group. The transient ylide was 
attacked by a second molecule of 45 producing the metalated oxonium ion 46 , 
then desilylation formed ylide precursor 47 . a-Iodoether ( 47 ) was poised to undergo 
a 1,3-elimination reaction thus generating oxonium ylide 48 that can react in typical 
carbonyl ylide processes. Hosomi and co-workers showed that these compounds 
easily participate in dipolar cycloaddition reactions (see Section 4.2). 

Earlier, Hosomi and co-workers (13) reported a procedure for generating 
carbonyl ylides through a 1,3-elimination reaction that converted 47 to ylide 48 
(Scheme 4.10). 

Silyl substituted chloromethyl ethers such as 49 serve as a convenient precursor 
to nonstabilized carbonyl ylides. Treatment with a fluoride source promoted 




Scheme 4.10 Generation of carbonyl ylides via desilylation. 
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Scheme 4.11 Generation of carbonyl ylides with a manganese system. 



desilylation to give the anion 50 that reacted via a 1,3-elimination of chloride to 
generate the carbonyl ylide 51. Addition of the dipolarophile cyclohexenone 
trapped the ylide in a dipolar cycloaddition process that gave an almost equal 
mixture of the regioisomeric cycloadducts 52 and 53 in 81% overall yield. 

More recently, the same investigators (14) reported a convenient modification of 
the 1,3-elimination process using a bis(chloromethylether) with a mixed-metal 
system (Scheme 4.11). 

Treatment of bis(chloromethylether) 54 with a mixed-manganese/lead system 
generated a reactive intermediate equivalent to the carbonyl ylide depicted in 55. 
Intermediate 55 behaved as a 1,3-dipole undergoing cycloaddition with a variety of 
dipolarophiles including A-tosylaldimines such as 56, resulting in the formation of 
oxazolidine 57 in 73% yield. 



4.1.3. Generation of Carbonyl Ylides from Oxadiazolines 



Wartenkin and co-workers (15,16) developed a versatile route for the synthesis 
of carbonyl ylides via the decomposition of 2-methoxy-2,5,5-A^-l,3,4-oxadiazo- 
line (59) under thermal conditions (Scheme 4.12). 

The carbonyl ylide precursor can be generated by lead tetraacetate oxidation of 
the hydrazone 58. Thermolysis of 59 in the presence of perdeuterated acetone led to 
a variety of products, some of which are shown above. An internal quench of the 
ylide via a 1,4-proton migration led to enol ether 61, while cycloaddition with 
perdeuterated acetone formed the dioxolane 62 and its regioisomer. Interestingly, 
the presence of products such as acetone and propene-t/g are proposed to indicate a 
reversible fragmentation of the ylide to a carbonyl derivative and a carbene. 

Other studies with the same ylide precursor showed similar ylide reactivity 
(Scheme 4.13). 

Thermolysis of 59 in chloroform (17) led to formation of carbonyl ylide 64, 
subsequent proton abstraction from chloroform (p/fa= 24.1), and recombination 
with the trichloromethyl anion gave acetal 65. The intermediacy of radicals was 
discounted since conducting the reaction in neat Bu 3 SnH did not change the 
product distribution. 

Trapping of the analogous ylide (18) by dipolarophiles has also been observed 
(Scheme 4.14). Oxadiazolidine (66) generated ylide 67 upon heating, followed by 
cycloaddition with electron-poor alkenes such as methacrylate and acrylonitrile to 
generate cyclic acetals such as 68 as a 1;1 mixture of stereoisomers in 25% yield. 
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Scheme 4.12 Generation of carbonyl ylides from oxadiazolines. 
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Scheme 4.13 Reaction with chloroform. 



4.1.4. Generation of Carbonyl Ylides from Epoxides 

It was shown that carbonyl ylides can collapse to the corresponding epoxides 
through an intramolecular cyclization process. This reaction should be reversible 
and therefore epoxides could also serve as precursors to carbonyl ylides. Calcula- 
tions have shown that the ylide is >60 kcal/mol less stable than the corresponding 




TMS = trimethylsilyl 



Scheme 4.14 Reaction with dipolarophiles. 
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Scheme 4.15 Epoxide photolysis. 



epoxide and would require extreme conditions to cause the isomerization of the 
oxirane to occur. Griffin and co-workers (19) carried out a systematic study of 
the photochemical and thermal ring-opening method for substituted oxiranes 
(Scheme 4.15). 

Among the parameters studied, the role of oxirane geometry as it relates to the 
structure of the ylide was investigated. Photolytic conversion of the isomeric epoxi- 
des 69a and 69b to the carbonyl ylide followed by trapping with an electron-defi- 
cient alkene demonstrated that the geometry of the starting epoxide was independent 
of the nature of the ylide structure. The stereochemical information contained in the 
malononitrile and fumaronitrile olefin geometry was conserved in the cycloadduct, 
suggesting a concerted mechanism for the cycloaddition. Several explanations were 
offered for the lack of influence of the epoxide, including a rapid isomerization of 
the ylide after disrotatory ring opening or, recyclization followed by opening, 
leading to isomerization. Photolysis conducted in a frozen argon matrix at 77 K 
revealed that the spectra of the ylides derived from 69a and 69b were identical. 
More highly functionalized epoxides have also been studied (Scheme 4.16). 

Photolysis of spiro epoxide 72 (20) led to formation of carbonyl ylide 73. 
Although the ylide failed to react with either electron-rich or electron-poor 




Scheme 4.16 Pyrazoline substituted carbonyl ylides. 
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Scheme 4.17 Push-pull ylides for lignan synthesis. 



dipolarophiles, the ylide could be trapped by the addition of methanol to give the 
acetal derivative 74 , which hydrolyzes to the dihydroxypyrazole 75 . The regio- 
selectivity of the methanol addition suggests that 73 best represents the ylide and 
that the opening of the epoxide is selective to retain anion stabilization by the 
adjacent carbonyl functionality. 

Carbonyl ylides with both electron-donating and electron-withdrawing groups 
present are highly stablilized ylides known as push-pull ylides. The presence of 
stabilizing groups can control the regioselectivity of the ylide generation that can in 
turn control the regioselectivity of an ensuing cycloaddition. Clawson and Whiting 
(21) examined push-pull ylides in a general approach to lignans (Scheme 4.17). 

Substituted epoxides such as 76 were designed with an electron-donating 
aromatic group on one carbon of the pendent ylide to stabilize a cationic charge. 
Cyano and nitrophenyl groups were substituted at the other end of the epoxide to 
stabilize the anionic terminus of the dipole. Thermolysis of 76 in the presence of 
methacrylate led to formation of the corresponding dipolar cycloadducts. Surpris- 
ingly, the cycloaddition was non-regioselective, producing both 77 and 78 in a 
nearly 1 : 1 ratio. It was proposed that the lack of regioselectivity was related to the 
extreme polarization of the ylide that could narrow the HOMO and LUMO gap of 
the FMO that would result in the opposite directing effects. 

Carbon-heteroatom multiple bonds can also participate in cycloaddition reactions 
with carbonyl ylides leading to the synthesis of interesting heterocycles (Scheme 4.18). 

Thermolysis of a solution of epoxide 79 and l,3-thiazole-5(4i7)-thione derivative 
80 in xylene led to the formation of three cycloadducts in 85% overall yield (22). It 
was expected that the geminal cyano groups of the epoxide would control the 
regioselectivity of the ring opening such that the anionic terminus of the dipole 
would be localized on that carbon. Regiochemical control led to a very selective 
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(79) (80) 




(81) ; Ri = Ph, R2 = H (83) 

(82) ; Ri = H, Ri = Ph 

Scheme 4.18 Addition of thiocarbonyl derivatives to carbonyl ylides. 

cycloaddition with the thiocarbonyl group generating adducts 81 and 82 in 61 and 
21% yields, respectively. The alternative regioisomer 83 would result from the 
reversed polarity of the dipole and was formed in only 3% yield. 

There have been several other investigations relating to the regioselectivity of 
the cycloaddition step. Eberbach and co-workers (23) undertook a detailed study of 
a series of trisubstitued epoxides (Scheme 4.19). 

Thermal ring opening of epoxide 84 led to the regiospecific generation of 
carbonyl ylide 85 that subsequently underwent cycloaddition with a variety alkene 
derivatives to produce two regioisomeric cycloadducts. An electron-poor acrylate 
dipolarophile showed a surprising lack of control during cycloaddition and led to 
the formation of the two regioisomers in nearly equivalent amounts. The selectivity 
improved with a more electron-rich acceptor, 1 -hexene, to produce a 4:1 distribu- 
tion of regioisomers, while the addition of a highly electron-rich olefin, ethyl vinyl 
ether, gave complete regioselectivity. The highly selective reactions with neutral or 
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(88) (89) 

Scheme 4.20 Carbonyl ylides from divinyl epoxides. 

electron-rich olefins were much slower reactions and would seem to be under the 
control of HOMO-LUMO interactions. White and co-worker (24) found that ylide 
generation is also possible in more highly conjugated systems prepared from trans- 
divinyl epoxides (Scheme 4.20). 

Whereas, cw-divinyl epoxides are reactive and well known to undergo thermal 
Cope rearrangement, the trans isomers are significantly more stable. White and 
co-worker (24) showed that thermolysis of divinyl epoxides such as 88 could 
generate the corresponding carbonyl ylide and that it could be intercepted by the 
addition of an activated acetylene to give the corresponding dihydrofuran 89, albeit 
in modest yield. 

Ishii and co-workers (25,26) examined the generation of ylides from epoxy 
dinitrile precursors (Scheme 4.21). 




Scheme 4.21 Ylides from epoxy dinitriles. 
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(99) (100) 

Scheme 4.22 Intramolecular cycloadditions. 



Irradiation of the epoxy dinitrile 90 in a solution of acetonitrile formed the 
stabilized ylide 91 that was trapped with ethyl vinyl ether, producing both exo and 
endo adducts 92 and 93 in 25 and 8% yields. Studies with other dipolarophiles (27) 
such as norbornene and methyloxazoline generated cycloadducts 94 and 95 , 
respectively, in low overall yield. 

The photolysis of epoxides containing a tethered dipolarophile can result in the 
intramolecular capture of the transient ylide and lead to the synthesis of more 
highly complex ring systems. Eberbach and co-workers (28-30) conducted several 
studies regarding this type of process to probe the viability of the method 
(Scheme 4.22). 

Epoxide 96 was prepared such that photolytic conversion to the carbonyl ylide 
could be followed by an intramolecular cycloaddition with the tethered pendant 
olefin. However, photolysis of epoxide 96 led only to the formation of the regio- 
isomer 97 and the aldehyde 98 with no evidence of the corresponding cycloadduct. 
It was presumed that 97 arose from the ylide by thermal recyclization to the epoxide 
while 98 could form through the loss of a carbene from the ylide. The failure of the 
tethered alkene to undergo cycloaddition may have resulted from a poor trajectory 
for the cycloaddition. An extended analogue ( 99 ) allowed greater flexibility for the 
dipolarophile to adopt any number of conformations. Photolysis of epoxide 99 did 
lead to formation of the macrocyclic adduct 100, albeit in modest yields. 

Although cycloaddition reactions are the dominant reaction manifold for 
carbonyl ylides, other processes such as electrocyclizations (31) are also observed 
(Scheme 4.23). 

Sharp and co-workers (32) observed that carbonyl ylides can participate in 
electrocyclic ring closures. Elash vacuum pyrolysis of epoxy ester 101 led initially 
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( 101 ) 



(102) (103) 




Scheme 4.23 Electrocyclization of carbonyl ylides. 



to the stabilized ylide 102 experienced a 1,7-electrocyclization with the neighbor- 
ing phenyl ring to give 103. This compound will further suffer a 1,5-hydrogen shift 
to regenerate the two aromatic rings found in oxepine 104. Although epoxides can 
serve as key precursors to carbonyl ylides, the yields typically associated with these 
reactions are moderate or low, which makes them unsuitable for organic synthesis. 

Over the past decade, a reliable, high-yielding method has been developed for 
the preparation of carbonyl ylide intermediates, namely, the addition of stabilized 
metallocarbenoid species to carbonyl compounds. 

4.1.5. Carbonyl Ylides from Metallocarbenoids 

Carbonyl ylides can be viewed as an adduct between a carbonyl group and a 
carbene and, in fact, some ylides have been prepared this way (see above). The 
application of carbonyl ylides to the synthesis of complex natural products has been 
greatly advanced by the finding that stabilized carbenoids can be generated by the 
decomposition of a-diazocarbonyl compounds with copper and rhodium com- 
plexes. The metallocarbenoids formed by this method are highly electrophilic on 
carbon and readily add nucleophiles such as the oxygen of many carbonyl 
derivatives to form carbonyl ylides. This type of reaction is in fact quite old with 
the first report being the addition of diazomalonate and benzaldehyde (33,34). 

4.1.6. Carbonyl Ylides Derived from Ketones 

Landgrebe and co-workers (35) studied the reaction of ketones with metallo- 
carbenoids and observed the generation of enol ethers via an intramolecular 
rearrangement (Scheme 4.24). 
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Scheme 4.24 Enol ethers from carbonyl ylides. 



Labeling studies were undertaken to observe if quenching of the ylide by proton 
transfer occurred through an inter- or intramolecular reaction. A cross-over 
experiment was performed by treatment of an equimolar mixture of cyclohexanone 
( 105 ) and the tetradeuterated derivative ( 106 ) with ethyl diazoacetate and 
copper(l)chloride. This reaction led to the predominant formation of 108 and 
109 , thus indicating that the proton transfer occurs through an intramolecular 
[1,4] -hydrogen shift rather than through a bimolecular process. Landgrebe and 
co-workers (35) extended this study to include a variety of ketones and found that 
the preference for the [1,4] -migration was CH 3 >CH 2 ^CH with tertiary 
hydrogens producing products in extremely low yields. 

Padwa and co-workers (36-38) developed a process concerning a tandem 
carbene cyclization-cycloaddition sequence that led to the formation of products 
of greater complexity in a single step (Scheme 4.25). 

Decomposition of diazoketone 110 with rhodium acetate produced the highly 
electrophilic rhodium stabilized metallocarbenoid that suffers attack by the Lewis 
basic oxygen of the pendant ketone, producing cyclic carbonyl ylide 111 . This ylide 
was trapped by the addition of an activated acetylene such as DMAD to furnish 




( 110 ) ( 111 ) ( 112 ) 
Scheme 4.25 Tandem cyclization-cycloaddition reaction. 
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(113) 



(114) 




Scheme 4.26 Intramolecular cycloadditions. 



oxabicyclo[3.2.1]heptane adduct 112 in an excellent overall yield of 93%. More 
complex ring systems can be envisioned if the dipolarophile were already tethered 
to the cyclic carhonyl ylide. Padwa et al. (39-41) examined many of these systems 
(Scheme 4.26). 

Decomposition of diazoketone 113 with rhodium acetate led to the formation of 
a tethered cyclic carbonyl ylide 114 that was poised to undergo an intramolecular 
cycloaddition, preparing 115 in 60% yield. Interestingly, if DMAD was added to 
the reaction mixture, the only product arose from intermolecular cycloaddition. 

Structurally complex substrates can be realized when an alkyne is inserted 
between the metallocarhenoid and the carhonyl trap (Scheme 4.27). 

Padwa et al. (42,43) investigated the cyclization of diazoalkynyl ketones such as 
116 and found that upon exposure to rhodium acetate, the transient metallocarhenoid 





(118) 

Scheme 4.27 Cyclization of alkynyl ketone. 
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Scheme 4.28 Cycloaddition with hetero dipolarophiles. 



experiences an alkynyl insertion reaction to give an intermediate indenyl carbene 
that was captured by the pendant ketone to give ylide 117 . Once formed, ylide 117 
can undergo cycloaddition after the addition of a dipolarophile such as A^-phenyl 
maleimide to give tetracyclic adduct 118 . 

In addition to olefins, carbon heteroatom multiple bonds can also participate in 
the cycloaddition with various carbonyl ylides (Scheme 4.28). 

Padwa et al. (44) studied the diazo-decomposition of 119 and found that the 
cyclic ylide 120 could be trapped by a variety of heterodipolarophiles such as ethyl 
cyanoacetate (Mander’s reagent) to provide aminal 121 or with benzaldehyde to 
generate the bicyclic acetal 122 . In both cases, only a single isomer was formed, 
with the regiochemistry easily predicted from frontier orbital considerations. Nair 
et al. (45) were able to employ the highly functionalized o-quinone 125 for the 
trapping of carbonyl ylide 124 to provide the highly complex cycloadduct 126 in 
76% yield. 

As the reactive substrates become more complex, a number of alternative 
carbenoid pathways are able to compete effectively with ylide generation. It has 
been shown that the judicious choice of a catalyst (46,47) can have a remarkable 
effect on the reaction pathway (Scheme 4.29). 

Padwa et al. (48) examined the behavior of diazoketone 127 under rhodium 
catalysis and found that the ligands associated with rhodium had a dramatic effect 
on the distribution of products 128 (from the carbonyl ylide) and 129 (from 
intramolecular C— H insertion). When rhodium acetate was employed there was a 
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Scheme 4.30 Carbonyl ylides from aldehydes. 



and co-worker (50) were able to generate these ylides and trap them with various 
dipolarophiles (Scheme 4.30). 

Decomposition of the trimethylsilyl diazoacetate 133 with a ruthenium cluster in 
the presence of benzaldehyde and dimethylfumarate led to formation of the THE 
derivative 135 in 54% isolated yields. The ruthenium catalyst proved superior to all 
standard rhodium complexes for this transformation. 

Wenkert and Khatuya (51) examined the competition between direct insertion of 
a carbene into furan (via cyclopropanation) and ylide formation with reactive 
side-chain functionality such as esters, aldehydes, and acetals. They demonstrated 
the ease of formation of aldehyde derived carbonyl ylides (Scheme 4.30) as opposed 
to reaction with the electron-rich olefin of the furan. Treatment of 3-furfural (136) 
with ethyl diazoacetate (EDA) and rhodium acetate led to formation of ylide 137, 
followed by trapping with a second molecule of furfural to give the acetal 138 as an 
equal mixture of isomers at the acetal hydrogen position. 

Interesting products have been observed from the reaction of aldehydes and 
vinyl carbenoid species (Scheme 4.31). 

Rhodium induced ylide formation (52) between the vinyl diazo derivative 139 
and p-chlorobenzaldehyde led to the production of 141. The major products from 
this ylide were the stereoisomeric epoxides 142 and 143 from collapse of the ylide. 
The epoxides were accompanied by a significant quantity of dihydrofuran 144 from 
the cyclization of the ylide through the vinyl substituent. 

4.1.8. Carbonyl Ylides Derived from Esters 



Ester derivatives are also capable of forming carbonyl ylides and can undergo 
traditional cycloaddition with activated alkenes and alkynes and can even undergo 
reactions with heterodipolarophiles. Padwa was able to generate ester derived 
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Scheme 4.31 Reaction of aldehydes with vinyl carbenoids. 



carbonyl ylides and trap them in both an intramolecular and an intermolecular 
fashion (Scheme 4.32). 

Intramolecular ylide formation with the lactone carbonyl oxygen (53) in 145 
provided a carbonyl ylide 146 that was trapped with Ai-phenyl maleimide to give 
cycloadduct 147 . Likewise (54), carbonyl ylide 149 , derived from ester 148 , suffers 
intramolecular cycloaddition with the tethered alkene to deliver acetal 150 in 87% 
yield. An enantioselective version of this process has also been described 
(Scheme 4.33). 




Scheme 4.32 Carbonyl ylides from esters. 
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Scheme 4.33 Enantioselctive dipolar cycloaddition. 



Hashimoto and co-workers (55) reported that generation of ylide 152 from aryl 
ester 151 in the presence of a chiral rhodium complex Rh 2 (S-PTTL) 4 , a chiral 
phthalimide substituted carboxylate, followed by cycloaddition with DMAD, led to 
the formation of adduct 153 in good yield and in 74% enantiomeric excess (ee). 



4.1.9. Carbonyl Ylides Derived from Amides and Ureas 



Carbonyl ylides derived from nitrogen-substituted carbonyl moieties provided 
for the synthesis of very stable push-pull dipolar intermediates. Although these 
compounds are quite stable, they still have sufficient reactivity to engage in 
cycloaddition and related processes. Carbonyl ylides derived from amides have 
been trapped in intermolecular cycloadditions to give aminals (Scheme 4.34) (56). 

Treatment of proline derivative 154 with rhodium acetate (57) originally led to 
ylide 155. However, this ylide (155) quickly rearranges to the more stable 
azomethine ylide 156, which undergoes cycloaddition with DMAD to give the 
unusual adduct 157. Intramolecular trapping experiments (58,59) have also been 
conducted (Scheme 4.35). 




Rh2(OAc)4 






Scheme 4.34 Intermolecular trapping of an amide derived ylide. 
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Rhodium-mediated decomposition (60) of diazoamide (158) led to formation of 
the mesoionic oxazolium ylide 159, which was efficiently trapped by the pendant 
alkene to produce the oxo-bridged tricyclic amide 160. 

Other carbonyl functionality-containing nitrogen atoms have been examined for 
the formation and reaction of carbonyl ylides (Schemes 4.36 and 4.37). 

Cyclization of the rhodium carbenoid generated from 161 with the carbonyl 
oxygen of the imide 161 lead to a dipolar intermediate that was trapped with 
DMAD, giving the bridged adduct 162 in good overall yield (61). Urea derivatives 
are also capable of undergoing ylide formation (62). Rodgers et al. (63) revealed 
some interesting chemistry associated with these ylides. Sequential cyclization- 
cycloaddition of a urea derived ylide led to the initial formation of the cycloadduct 
164. The adduct 164 is unstable and suffered a retro Diels-Alder reaction with 
concomitant loss of methyl isocyanate to generate the highly substituted furan 165. 

The high levels of reactivity and the wide array of structures that can be accessed 
from carbonyl ylides has placed them in an excellent position to be used in the 




Scheme 4.36 Carbonyl ylides from imides. 
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Scheme 4.37 Carbonyl ylides from ureas. 
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synthesis of complex molecules. Section 4.2 will focus on specific applications of 
carbonyl ylide promoted reactions in synthesis. 



4.2. SYNTHETIC ASPECTS OE CARBONYL 
YLIDE CYCLOADDITION REACTIONS 



With the ever-increasing need for novel methods to prepare synthetic inter- 
mediates, complete total chemical synthesis, and generate analogues of natural 
products, the application of carbonyl ylide methodology to synthesis has become a 
highly efficient, stereo- and regiodefined method for preparing carbon-carbon and 
carbon-heteroatom bonds. This reaction has been an especially powerful method 
for generating a range of cyclic structures such as cycloheptanoid-containing 
natural products and polyazacyclic systems found in many bioactive natural 
products. There has been a literal explosion of synthetic advances using the tandem 
sequences described here and elsewhere. The chemical systems under scrutiny 
range from very simple mono- and bicyclic systems to complex cascade or dipole 
cascade reactions that involve two, three, or four different reaction manifolds in one 
sequence. Section 4.1 aimed to describe the novel preparation and reactivity of 
carbonyl ylides. Section 4.2 aims to describe some of the synthetic uses of carbonyl 
ylides, particularly as they pertain to cycloaddition reactions. 

4.2.1. Directed Syntheses with Tandem Carhonyl Ylide 
Formation/[l,3]-Dipolar Cycloaddition 

4.2. 1.1. Preparation of Oxacyclic Compounds 

Much of the initial synthetically useful carbonyl ylide work originated from the 
Ibata group. Exploiting simple disubstituted aromatic diazoketo-esters and structu- 
rally diverse dipolarophiles, Ibata and co-workers (64-70) prepared several differ- 
ent cycloadducts 167-169 through an intermolecular ylide cycloaddition 
(Scheme 4.38). 

Note that intramolecular cycloadditions were also plausible with the correct 
substitution and tether length. Bien and co-workers (71,72) found that addition of 
rhodium acetate to a-diazoketone 170 produced three products with the major 
outcome being the oxatricyclic 171 and a minor amount of the diastereomeric 
intramolecular cyclopropanes 172 (Scheme 4.39). 

Over the last 15 years, Padwa et al. (73,74) have been heavily involved with the 
study and application of carbonyl ylides as cycloaddition precursors in synthesis. 
Their work has helped make the tandem ylide formation-dipolar cycloaddition 
process a synthetically accessible transformation. Much of Padwa’s early work 
focused on determining the extent and limitations of this methodology. Many of the 
early systems were carbocyclic in nature and helped define basic parameters such as 
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the reactivity of five- and six-membered ylides. In 1989, Padwa et al. (75) embarked 
on a synthesis of the brevicomins, an aggregation pheromone of the Western Pine 
Beetle (Scheme 4.40). 

Padwa synthesized the oxo-brevicomin analogue 174 in 60% yield as a 2:1 
mixture of the exo and endo isomers. Dithioacetalization followed by Raney Ni 
reduction of the dithioketal produced the exo- ( 175 ) and endo-hrevicomin in good 





Scheme 4.39 Early intramolecular cycloaddition reaction. 
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Scheme 4.40 Synthesis of cxo-brevicomin. 



yield. Padwa also utilized this same ylide system with a number of alternative 
dipolarophiles. 

A further study on six-membered ylide formation examined the use of an 
aliphatic ester in place of a ketone as the Lewis base donor for carbonyl ylide 
formation. Although the same keto-substituted system underwent an intramolecular 
cyclization readily, the ester derivative gave no cycloaddition products. Padwa and 
co-workers (37,76) points to the major electronic differences between the two 
carbonyl groups to rationalize the disparity in carbonyl ylide formation. 

Five-membered carbonyl ylide derivatives form with ease, but tend to suffer 
from proton-transfer reactions to the carbonyl more readily than their six- 
membered counterparts. Generally, disubstitution of the position a to the carbonyl 
led to smooth carbonyl ylide formation and subsequent dipolar cycloaddition 
(35,77). 

Ylide size and tether length have also been issues studied by the Padwa group. 
They found that it is possible to increase the intervening methylene length to three, 
thereby generating a seven-membered ylide (44,78). Unfortunately, it was found 
that the rate of formation of the ylide was somewhat diminished and that secondary 
reactions such as aromatic insertions or cycloadditions occurred to produce 
monosubstituted cycloheptatrienes. Generally, Padwa has found that the length of 
the tether between the olefin and the C=0 of the ylide cannot be longer than four 
methylene units. All attempts at intramolecular cycloaddition with a five methylene 
unit tether failed to provide any cycloadduct (44,78). 

Both Dauben et al. (79) and McMills and co-workers (80,81) used the tandem 
ylide formation-dipolar cycloaddition methodology to approach the tigliane diter- 
penes. Phorbol, a tigliane diterpene, and its various esters played a major role in 
determining the molecular mechanism of carcinogenesis (Fig. 4.4). Although 
functionally similar to the oxidopyrylium cycloadditions that have been used 
effectively by Wender for the synthesis of phorbol, the ylide cycloaddition makes 
it possible to enter the synthesis with an intact A ring and may make for easier 
analogue preparation and greater structure activity relation determination. 

Each group dissected the tigliane core by adding an ether bridge to the C(6) to 
C(9) positions of the tricyclic B ring. Retrosynthetically, the ether bridge was 
placed to effect a disconnection to the cyclopentyl substituted cyclohexyl ylide 177 
with an olefinic tether at C(9) (phorbol numbering system). The McMills group 
chose to make a simple phorbol analogue devoid of most oxygen functionality. It 
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was found that both the cis and trans ring junctions of the cyclopentane A ring were 
proficient in the cyclization. The cycloaddition provided the tricyclic phorbol core 
178 in >85-90% yield as a single diastereomer (Scheme 4.41). X-Ray crystal- 
lographic analysis of tricyclic 178 gave the correct relative stereochemistry for 
C(10), C(9), and C(8). Several additional synthetic iterations have been completed. 

Dauben’s group utilized the same retrosynthetic disconnections, but chose to add 
more functionality to the cycloaddition precursor. From a simple frani-disubstituted 
cyclopentane, Dauben used an aldol reaction of a cyclopropylvinyl aldehyde to 
prepare the cycloaddition precursor. The diazo-substituted P-ketoester was 
completed using a Roskamp-Padwa coupling followed by diazo-transfer. Addition 
of rhodium acetate to the diazo substituted P-ketoester 179 led to an excellent 86% 
yield of the correct diastereomer (Scheme 4.42). 

Muthusamy et al. (82) prepared a number of oxacyclic ether compounds from 
the tandem ylide formation-dipolar cycloaddition methodology. Their approach 
provides a synthetic tactic to compounds such as ambrosic acid, smitopsin, and 
linearol. Starting with either cyclopentane or cyclohexane templates, they prepared 
ylide sizes of five or six, which are trapped in an intermolecular cycloaddition 
reaction by the addition of DMAD. The products are isolated in good overall yield. 
In a second system, 2,5-disubstituted cyclohexenyl derivatives are utilized to 
generate the pendent ylide, then, A-phenylmaleimide is added in an intermolecular 
reaction, accessing highly substituted oxatricyclic derivatives such as 182 
(Scheme 4.43). 




(176) (177) (178) 

Scheme 4.41 McMills approach to phorbol. 
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Scheme 4.42 Dauben approach to phorbol. 



An interesting change of reactivity was observed (Scheme 4.44) when Muthu- 
samy et al. (83) reacted a similar cyclic ylide system with arylidenetetralones such 
as 184 . This reaction did not generate the expected olehnic cycloadduct, but instead 
resulted in addition across the C=0 of the tetralone to produce a dioxolane 185 . 
This behavior is unusual in that normal reactivity would preclude a reaction with 
the C=0 system and addition would occur only with the olefin of the enone. 

In a very recent example, Chiu and co-workers (84-86) used the tandem ylide- 
cycloaddition methodology to prepare advanced intermediates directed toward the 
synthesis of the pseudolaric acids. Pseudolaric acids are a family of diterpenes 
isolated from the root bark of Pseudolarix kaempferi. These novel compounds have 
shown antimicrobial activity comparable to that of amphotericin B and have 
demonstrated cyctotoxicity against several cancer cell lines (Fig. 4.5). 
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Scheme 4.43 Muthusamy oxotricyclic formation. 
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Scheme 4.44 Muthusamy arylidene cycloaddition. 




Chiu’s retrosynthetic analysis of the pseudolaric acids proposed a simple 
intermediate incorporating a bridging ether, similar to that used by Dauben and 
McMills. Cleavage of the ether bridge further reduced the problem to a tandem 
ylide formation-cycloaddition through a simple acyclic a-diazoketone with a 
tethered olefin (Scheme 4.45). 

Chiu found that the diastereoselectivity had eroded slightly from an earlier 
synthetic study that included a methyl group in place of the MEM ether side chain 
of the A ring. Since it had been demonstrated that many of these catalytic systems 
are metal associated, Chiu attempted to change rhodium ligands from acetate to the 




Scheme 4.45 Chiu approach to pseudolaric acids. 
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caprolactam series. There was a noticeable slowing of the reaction, but the 
diastereoselectivity increased only slightly. 

4.2.2. Preparation of Alkaloid Systems 

Alkaloids are another family of compounds that are easily accessible from 
synthetic routes utilizing carbonyl ylides. The complex structure of naturally 
occurring alkaloids has been the driving force for the generation of new carbonyl 
ylide methodology. These studies have resulted in the discovery of several new 
reaction manifolds as well as the total synthesis of several natural products. 

Nair et al. (87,88) achieved a synthesis of spirooxindole-containing molecules 
by adding isatins to various carbonyl ylides (Scheme 4.46). There has been 
relatively little research regarding the efficiency of C=0 of 1,2-dicarbonyl 
compounds as dipolarophiles relative to their olefinic counterparts. As anticipated, 
Nair found that the more electrophilic carbonyl of the isatin 187 (non-amide 
carbonyl) reacted smoothly with the carbonyl ylide formed from diazoketone 186 to 
give the spirocyclic adduct 188. Nair’s yields were moderate to good (44-83%), but 
were based on recovered isatin. 

Nair et al. (87) was able to extend this methodology with five-, six-, and seven- 
member carbonyl ylides. The five-membered ylide was the same carbonyl ylide as 
that used by Padwa for the synthesis of the illudins. The use of the seven-membered 
ylide was novel due to the fact that ylides greater than six atoms are generally 
difficult to form and indeed the yield of the cycloaddition with isatin (187) suffered 
and the product was isolated in only 32% yield. 

Muthusamy et al. (89) approached the formation of decahydrobenzocarbazoles 
191 utilizing an indolic five-membered olefin 190 as the dipolarophile in reaction 
with a carbonyl ylide derived from 189. This intermolecular approach is strategi- 
cally similar to an intramolecular approach to aspidosperma alkaloids developed by 
Padwa (Scheme 4.47). 

Muthusamy found that with the simple cyclohexyl keto-ylide derived from 189 
(Ri = H) and an electron-withdrawing group protecting the indole nitrogen, that the 
indole would add in a regioreversed fashion producing the other possible 




(186) (187) (188) 

Scheme 4.46 Nair synthesis of spiro-oxindoles. 
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Scheme 4.47 Muthusamy approach to decahydrocarbazoles. 



regioisomer of 191 . The yields of the cyclohexyl cycloadduct were good, hut 
switching to a cyclopentane- substituted diazoketone moiety reduced the efficiency 
of the cycloaddition substantially. 

Maier and Evertz (90) synthesized an isomiinchnone intermediate to generate 
simple annulated piperidine substrates 193 . The reaction was extended to several 
ring sizes and substitution patterns about the olefinic tether. The yields were 
routinely good and produced compounds of known stereochemical integrity 
(Scheme 4.48). 

Padwa and co-workers (91-101) pioneered much of the synthetically useful 
methodology dealing with applications of isomiinchnones. Early on, Padwa 
generated dipolar intermediates from lactam rings of varied sizes, from four to 
seven. Cycloaddition of phenyl maleimide produced interesting heterocyclic 
adducts with multiple rings. In the same manuscript, Padwa used dimethylacetylene 
dicarboxylate as the dienophile, forming the olefinic cycloadduct, which subse- 
quently achieves a retro-Diels-Alder reaction to prepare a furanisocyanate in 
excellent yield (102). 

Kappe et al. (103,104) approached dihydropyrimidines, a potent group of 
calcium channel modulators, through the use of an isomiinchnone-type cyclization. 
Kappe prepared the cyclization precursor 195 in the course of a three component 
Biginelli condensation process (Scheme 4.49). 

The pseudoaxial nature of the aryl substituent allows for a favorable placement 
of the olefinic tether relative to the dipole formed. Semiempirical calculations show 
that either exo addition of the olefin or the regio-reversed endo transition state 




Scheme 4.48 Maier approach to complex piperidines. 
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Scheme 4.49 Kappe approach to dihydropyrimidines. 



resulted in significantly higher transition state energy. Compound 195 contains a 
methyl group bound to nitrogen, in the actual calcium channel modulators this must 
be an NH moiety. In an attempt to synthesize compounds more closely related to 
the calcium channel modulators, Kappe attempted to cycloadd a compound devoid 
of the NMe group. It was found that upon addition of a divalent rhodium catalyst 
that the original isomiinchnone formed readily experiences a 1,5-proton transfer 
without any attendant cycloaddition. 

Harwood and co-workers (105) utilized a phenyloxazine-3-one as a chiral 
derived template for cycloaddition (Scheme 4.50). An oxazinone template can be 
formed from phenylglycinol as the template precursor. The diazoamide needed for 
cycloaddition was generated by addition of diazomalonyl chloride, trimethyl- 
dioxane-4-one, or succinimidyl diazoacetate, providing the ester, acetyl, or 
hydrogen R group of the diazoamide 198 . After addition of rhodium acetate, 
A-methylmaleimide was used as the dipolarophile to provide a product that 
predominantly adds from the less hindered a-face of the template in an endo 
fashion. The cycloaddition also provided some of the adduct that approaches from 
the P-face as well. P-Face addition also occurred with complete exo-selectivity. 
Mono- and disubstituted acetylenic compounds were added as well, providing 
similar cycloadducts. 




Scheme 4.50 Chiral templated cycloaddition. 
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Scheme 4.51 Synthesis of dehydrovindorosin precursor. 



Padwa and co-workers (60,106,107) have been highly active in using carbonyl 
ylides for the synthesis of a number of bioactive alkaloids (Scheme 4.51). In an 
approach to the aspidosperma alkaloids, a push-pull carbonyl ylide was used to 
generate a bicyclic ylide containing a tethered indole moiety. This strategy 
ultimately allowed for the synthesis of the dehydrovindorosin skeleton (108). 
Starting from a quaternary substituted piperidone ( 200 ), elaboration of the 3- 
carboxylic acid provided P-ketoester amide 201 . Addition of the indole tethered 
side chain provided a very rapid and efficient method to generate the cycloaddition 
precursor 203 . 

Upon addition of a divalent rhodium catalyst, formation of the putative carbonyl 
ylide with the piperidine carbonyl occurred, followed by cycloaddition of the 
tethered olefinic portion of indole (Scheme 4.52). The cycloaddition formed the 





( 204 ) 



Scheme 4.52 Padwa approach to dehydrovindorosin. 
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Scheme 4.S3 1 ,4-Hydrogen transfer of isomunchnones. 



endo product 204 with respect to the ylide dipole according to the calculated lowest 
energy transition state. Padwa found this cycloaddition to be doubly diastereose- 
lective since the indole approaches exclusively from the less encumbered side of the 
molecule containing the ethyl group. The Padwa group has been able to synthesize 
desacetoxy-4-oxo-6,7-dihydrovindorosin, but has thus far been unsuccessful in 
epimerizing the C 4 alcohol. 

Lycorine is an alkaloid that has attracted attention from both the synthetic 
community and pharmacologists. Prior synthetic approaches have included inter- 
and intramolecular Diels-Alder cycloaddition. Based on a similar retrosynthetic 
disconnection, Padwa and co-workers (106,109) chose to use a push-pull carbonyl 
ylide cycloaddition with a disubstituted pyrrolidinone core to generate a tricyclic 
substrate. The major difference for this synthetic study was the availability of a 
labile proton a to the carbonyl moiety (Scheme 4.53). 

During the initial model study, it was found that intramolecular 1 ,4-transfer of a 
hydrogen atom was more facile than any inter- or intramolecular cycloaddition pro- 
cess. Although the synthetic scheme shown was not the anticipated path, furanone 
( 207 ) provided the basis for a possible two step path via acylation of 207 to form an 
amidofuran, followed by Diels-Alder cycloaddition to provide 211 (Scheme 4.54). 

Isomunchnones play a large part in the synthetic efforts Padwa and co-workers 
(91-94,96,98,110,111). The Lycopodium alkaloids are a large family of natural 
products and have inspired numerous synthetic routes to approach these com- 
pounds. Interest in this class of alkaloids stems from the myriad of biological 
properties they exhibit. Padwa utilized the carbonyl ylide methodology in tandem 
with a cationic 71 -cyclization to complete a formal synthesis of (±) lycopodine 
(Scheme 4.55) (96,112). 

Cycloaddition of the isomiinchnone occurred anti to the 3-methoxybenzyl 
moiety, while the formation of a 3:2 ratio of the endo adducts 213 was in 
accordance with the results of molecular mechanics calculations conducted by 
Padwa. Analogous to the argument of Stork, Padwa found that the selectivity of the 
7i-cyclization results from the bridgehead hydrogen and tethered aromatic ring 
conspiring to maintain an anti arrangement in the cyclohexylidene ring of the 
bicyclic iminium ion during cyclization to produce the bridged adduct 214 . The 
alternative syn arrangement must adopt an unfavorable boat conformation. 

Padwa and co-workers (113-116) provided a synthetic approach to natural 
products containing the 2(l//)-pyridone core. One such target (— )A58365A, is a 
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Scheme 4.54 Approach to amaryidaceae alkaloids. 



known ACE inhibitor (115). Starting from L-pyroglutamic acid, the synthesis of the 
cycloaddition precursor followed much of the chemistry that Padwa has used in the 
preparation of other isomiinchnone species. It was found that using a phenylsulfone- 
substituted diazoamide provided for a tandem cyclization-cycloaddition-ring 
opening sequence to generate substituted 2(/7)-pyridones. According to FMO 
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Scheme 4.56 Approach to A58365A. 



theory, the HOMO of the dipole is the dominant molecular orbital set for reaction 
with electron deficient olefins. The synthesis of A58356A (217) is completed via 
addition of the carboxyethyl side chain using Stille coupling methodology 
(Scheme 4.56). 

Thus far, in the alkaloid series discussed, the nitrogen atom has always been part 
of the core of the alkaloid structure, rather than acting in a dipolarophilic manner in 
the cycloaddition of the carbonyl ylide. Recently, Padwa et al. (117) addressed this 
deficiency by conducting model studies to synthesize the core of ribasine, an 
alkaloid containing the indanobenzazepine skeleton with a bridging ether moiety 
(Scheme 4.57). Padwa found that indeed it was possible to use a C = N tt-bond as 
the dipolarophile. In the first generation, a substituted benzylidene imine (219) was 
added after formation of the putative carbonyl ylide from diazoketone 218. The 
result was formation of both the endo and exo adduct with the endo adduct favored 
in an 8:1 ratio. This indicates that the endo transition state was slightly favored as 
dictated by symmetry controlled HOMO-LUMO interactions. 




Scheme 4.57 Intermolecular addition of C— N multiple bonds. 
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(223) (224) 

Scheme 4.58 Cycloaddition of deaza-ribasine core. 



Mander’s reagent (221) was also utilized to provide a nitrile CN triple bond as 
the 71 component for cycloaddition. Addition of Mander’s reagent provided a superb 
yield of a single regioisomer 222. The regiochemistry obtained is consistent with 
addition of the HOMO of the dipole and the LUMO of the dipolarophile as 
described by Honk (Scheme 4.58). 

To test the applicability of the intramolecular cycloaddition to a linear tetracyclic 
ribasine core, Padwa synthesized bridged ether 224. Difficulties were encountered 
after formation of the a-diazocarbonyl moiety (Scheme 4.59). At — 10°C, a 
noncatalyzed [l,3]-dipolar cycloaddition occurred between the diazo group and 
the tethered olefin, forming an indenylpyrazole (225). Warming the indenylpyrazole 
to room temperature led to an extrusion of nitrogen followed by formation of two 
new products, a substituted cyclopropylindane (226) and indene (227). Good 
overall yield of the carbonyl ylide cycloaddition product 224 along with some of 




( 227 ) 




Scheme 4.59 Ribasine cycloaddition byproducts. 
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226 and 227 could be obtained by adding Rh 2 (tfa )4 to a toluene solution of the 
diazo and rapidly heating to 110°C. 

In an interesting reaction conducted to support the synthesis of ribasine, the 
aromatic carboethoxy group was replaced with an aromatic aldehyde to generate 
the hydrogen-substituted carbonyl ylide. Reaction of aldehydes with diazocarbonyl 
species can result in formation of a dioxolane along with carbonyl ylide products. 
Padwa found that formation of the carbonyl ylide was highly dependent on the 
catalyst used. Addition of rhodium acetate resulted in formation of an intermediate 
that had inserted into the carbonyl-hydrogen bond. The tautomeric hydroxycyclo- 
pentenone was further utilized as the dipolarophile. The use of more electrophilic 
ligands associated with rhodium promotes ylide formation rather than insertion, and 
addition of dimethylacetylene dicarboxylate results in cycloaddition occurring in 
good yield. 



4.2.3. The Illudins, Pterosins, and Ptaquilosides 

The illudin, ptaquiloside, and the pterosin families of sesquiterpenes are highly 
toxic compounds that have been known for >40 years. Recently, it was reported 
that despite the extreme toxicity of these compounds, that they also have a very 
high level of efficacy against various adenocarcinomas. Indeed, McMorris (118) 
reported that a third generation of related (hydroxymethyl)-acylfulvalene has 
entered clinical trials. The illudins (228) were isolated from a jack-o’-lantern 
mushroom and other related fungi. The pterosins (229) are isolated from the 
bracken fern Pteridium aquilinium. Ptaquilosin, the aglycon of ptaquiloside, is also 
isolated from bracken ferns. The bioactivity associated with the illudins was 
proposed to arise from DNA alkylation of both the enone and the a-hydroxy 
cyclopropane of the core substrate. In similar fashion, the ptaquilosins (230) utilize 
an addition to the hydroxycyclopropane to alkylate DNA (Fig. 4.6). 

In early 1994, Padwa et al. (119) synthesized both mono- and bicyclic core 
skeletons of the illudins and ptaqualosins. By utilizing a 1,1-disubstituted 
cyclopropane as the core of the dipolar cycloaddition, Padwa was able to add a 
number of dipolarophiles including cyclopentenone and cyclohexenone to produce 
cycloadduct 233 amenable to subsequent transformations to form the illudins 
and ptaqualosins. The cycloaddition forms the bicyclic constrained ether in 





Figure 4.6 Sesquiterpenoid natural products. 
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excellent yields, good regioselectivity, and good stereoselectivity (4:1 exo/endo) 
(Scheme 4.60). 

Subsequent to their initial synthetic studies, Padwa has also synthesized illudin 
M and a number of its analogues. To remove the bridging ether moiety, Padwa 
chose to use a one-electron reductant (Scheme 4.61). Following the work of 
Molander, Padwa utilized Sml 2 as the reducing agent to cleave the C— O bond a 
to the ketone. Padwa has used this strategy to regio- and stereospeciiically place a 
hydroxyl group. 

Padwa and co-workers (120-122) also utilized this carbonyl ylide cycloaddition 
strategy to advance to the aromatic pterosin family of compounds. The same 
intermediates used to approach the nonaromatic illudins and ptaqualosides are also 
useful for aromatic formation through cleavage and dehydration (Scheme 4.62). 

Kinder et al. (123,124) utilized a similar approach to the illudins, more 
specifically to illudin analogs such as 241 that retain efficacy against various cell 
lines, but are less toxic. The analog design involves a spirocyclopropyl cyclohexane 
that contains two electrophilic moieties (Scheme 4.63). Some of the analogs formed 
are as active as adriamycin against several human tumor cell lines. 

McMorris et al. (125-127), one of the original researchers on the biology of the 
illudins, has utilized the Padwa protocol to synthesize several antitumor acylful- 
venes. The acylfulvenes are generally derived from compounds such as illudin 
S. McMorris’s third generation acylfulvenes have been shown to elicit complete 
tumor regression in animals and increased life span >150%. 
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Scheme 4.61 Ether bridge cleavage. 
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4.2.4. Approaches to Zaragozic Acids 



Zaragozic acid or the squalastatins were discovered as fungal metabolites and 
have been identified as potent inhibitors of squalene synthase. These compounds 
have presented themselves as potential cholesterol lowering agents. 

A Merck group chose to prepare the bicyclic core of zaragozic acid and some 
photodegradative products through a carbonyl ylide cycloaddition (128). The 
Merck group approached the synthesis of the core structure 243 by replacing the 
C(2) oxygen with a carbon, attempts at the use of a precursor with the C(2) oxygen 
in place resulted in an extremely low yield of cycloadduct. Attempts at using a 1,2- 
dioxygenated olefin as fhe dipolarophile also gave disappointingly low yields of the 
cycloadduct. These researchers also found that any electron-rich dipolarophile s 
gave routinely poor results with stabilized diazo- substituted p-ketoesters 
(Scheme 4.64). 

A second generation approach to zaragozic acid has been completed by the 
Hashimoto group, after encountering difficulties with setting the correct C(5) 
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Scheme 4.64 Merck approach to zaragozic acid derivatives. 



stereochemistry in a non-ylide approach to the natural product (Scheme 4.65) (129). 
Despite the difficulties encountered hy the Merck group, Hashimoto was able to 
generate a similar ylide precursor starting from a substituted isopropylidene acetal. 
After several transformations, the carbonyl ylide precursor 244 was completed. 
Hashimoto found that addition of dipolarophiles such as (£’)-vinylene diacetate 
failed, as Koyama had found in the Merck synthesis. It was established that the 
dienophile attacked preferentially from the P-face, to avoid unfavorable interaction 
with the pseudo-axial trimethyl silyloxy group. Interestingly, the epimeric com- 
pound, with a pseudo-equatorial trimethylsilyloxy group, produced no cycloadduct 
after addition of catalyst and the hexenedione. 

Hodgson and co-workers (130-132) addressed the synthesis of zaragozic acid 
derivatives through the use of a cycloaddition precursor that appears to be a hybrid 
of the Merck and Hashimoto approaches (Scheme 4.66). The Hodgson approach 
introduces the second ring oxygen by way of the addition of methyl glyoxalate as 
the dipolarophile. As discovered by Hashimoto, the presence of the silyloxy group 
prevents cycloaddition from occurring at the face syn to the silyloxy group. It was 
also found that methyl glyoxylate prefers exo addition compared to the dipole. 
After cycloaddition and silyl deprotection had occurred, Hodgson found that the use 
of Evan’s conditions at reflux were sufficient to isomerize the core cycloadduct to 
the zaragozic structure 250 . Initial MM2 calculations predicted that 249 would not 
be observed at equilibrium, however, it is known that the MM2 force-held ignores 
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Scheme 4.65 Hashimoto approach to zaragozic acid. 
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Scheme 4.66 Flodson approach to zaragozic acid. 



O— C destabilizing interactions. Scaling the 1,4-interactions to 70% of full value 
correctly identifies the equilibrium ratio of this system. 

4.2.5. Tropolone and Benzotropolone Formation and Reactivity 



Friedrichsen and co-workers (133) approached substituted benzotropolones from 
an aromatic substituted carbonyl ylide with a tethered alkyne as the intramolecular 
dipolarophile (Scheme 4.67). Starting from an aromatic anhydride, Friedrichsen 
was able to make the tethered alkyne via addition of either pentyn-ol or hexyn-ol, 
then transform the recovered benzoic acid to the a-diazocarbonyl cycloaddition 
precursor. Addition of rhodium acetate resulted in the tandem formation of cyclic 
carhonyl ylide followed hy cycloaddition of the tethered alkyne producing the 
tricyclic constrained ether 252. Addition of BF 3 "OEt 2 opened the ether bridge, 
forming the benzotropylium ion, which subsequently rearranged to form the 
tricyclic benzotropolone (253). 
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Scheme 4.67 Friedrichsen benzotropolone synthesis. 
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Scheme 4.68 Baldwin benzotropolone formation. 



In a similar vein, Baldwin et al. (134) accessed tropolone fungal metabolites 
pycnidione, epolone B, and eupenifeldin (Scheme 4.68). Pycnidione has been 
shown to induce erythropoietin gene expression and inhibit stromelysin. Eupeni- 
feldin has displayed in vivo activity against P388 leukemia cells. Starting with 
commercially available phthalic acid, Baldwin converted the diacid to the mono- 
ester using (propargyloxy)methyl chloride, generated the mixed anhydride of the 
remaining acid moiety, then added diazomethane to generate the cycloaddition 
precursor 254 . After cleaving the cyclic ether with acid, the cyclic acetonide 257 
was used to generate an exocyclic enone for Diels-Alder addition to ultimately 
deliver tetracycle 259 . 

Friedrichsen and co-workers (135), along with Padwa, has utilized the carbonyl 
ylide cycloaddition to generate reactive furan moieties that can be further used in 
inter- or intramolecular Diels-Alder reactions to prepare aza- and carbocyclic 
compounds. Friedrichsen conducted a number of synthetic and theoretical studies 
on the reactivity, regioselectivity, and stereoselectivity of substituted furan forma- 
tion and subsequent Diels-Alder reaction (Scheme 4.69). 

The alternative regiochemical disposition of the diazo and tether of indole 260 
failed to deliver any product upon addition of catalyst. Friedrichsen and co-workers 
(136) also applied this method to amine substituted tethers to generate polyaza- 
cyclic compounds (Scheme 4.70). The presence of the amino substituted furan 
subsequent to diazo-decomposition made it possible to cleave the ether bridge 
through the facility of the amino group formed to produce adduct 263 . 

Friedrichsen and co-worker (137) used this approach to synthesize polycyclic 
oxazoles through the efficacy of the in situ formation of furo-oxazole, followed by 
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Scheme 4.69 Friedrichsen tandem furan formation/Diels-Alder reaction. 




hfacac = hexafluoroacetylacetonate 

Scheme 4.70 Friedrichsen approach to azasteroids. 



intermolecular Diels-Alder reaction (Scheme 4.71). Addition of dienophiles such 
as A-phenylmaleimide, DMAD, and p-benzoquinone all gave products of cycload- 
dition in rather low yield. Interestingly, all attempts at conducting an intramolecular 
cycloaddition from the diazocarhonyl ester tether resulted in synthesis of an 
intramolecular cyclopropane product rather than a product of the tandem ylide 
formation-cycloaddition chemistry. 

4.2.6. Enantioselective Syntheses 

One of the major goals set for tandem ylide formation-cycloaddition chemistry 
has been the application of enantioselective catalysis to form one product in 
preference to all others. It appears that these transformations must involve a 
catalyst associated ylide for some degree of enantioselectivity to occur. Generally, 
if the free ylide forms without any catalyst association then enantioselectivity is 
highly unlikely. 

Hodgson et al. (138) chose to investigate a system that had previously been shown to 
undergo an effective intramolecular addition of a tethered olefin (Scheme 4.72). In 
his first attempt, using Doyle’s Rh2[(5/?)-MEPY]4, the yield of cycloadduct 270 
obtained was comparable to that with rhodium acetate, but no asymmetric induction 
was observed. Changing to the Davies catalysts in dichloromethane resulted in a 
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Scheme 4.71 Oxazole cycloaddition. 



disappointing 8% ee. Following the work of Davies, the solvent was modified to 
a hydrocarbon solvent, hexane, resulting in 76% chemical yield with 53% ee. 
As noted, increasing the reaction temperature lead to an increase in the chemical 
yield, hut an erosion of the enantioselectivity. Decreasing the temperature of the 
reaction did little to change the ee of the reaction, but caused a decrease in chemical 
yield. 

After completing his initial intramolecular cycloaddition, Hodgson utilized 
conditions that had been optimized for the intermolecular cycloaddition of 
DMAD with simple cyclic carbonyl ylides used by Hashimoto and co-workers 
(139). Hodgson et al. (140) found that the reaction indeed gave excellent overall 
chemical yield, but the enantioselectivity dropped to «1%, giving essentially a 
racemic mixture. It appeared that ee ratios were sensitive to the electronic nature of 
the dipole. Hodgson chose to screen several binaphthol derived rhodium catalysts 
of the type developed by McKervey and Pirrung, due in part to the reports of 






Scheme 4.72 Enantioselective intramolecular cycloaddition. 
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Figure 4.7 Hodgson binaphthol catalyst. 



enantioselectivities of up to 60% in C— H insertion and cyclopropanation reactions 
(Fig. 4.7). 

By utilizing the same reaction sequence as shown in Scheme 4.72, Hodgson 
applied his dodecyl-substituted binaphthol phosphate derived catalyst. In this 
reaction, the chemical yield decreased somewhat from 93% in the original sequence 
to 81%, but the enantioselectivity increased dramatically from 53 to 88%. 
Decreasing the temperature < 0°C increased the ee ratio slightly, but also dropped 
the chemical yield. 

Hashimoto and co-workers (139) further looked at an intermolecular carbonyl 
ylide cycloaddition screening several different chiral rhodium catalysts. The 
Hashimoto group chose to study phthaloyl amino acid derivatives for enantiocon- 
trol of the cycloaddition reactions (Fig. 4.8). Using fluorinated or ethereal solvents 
with the phthaloyl catalysts gave ee ratios of 20-69%. 

To improve these selectivities, Hashimoto studied several catalysts that had been 
found highly effective for enantioselective C— H insertion reactions. The new 
catalysts incorporated an additional benzene in the naphthyl system to increase 
the steric bias of the catalyst. By using the second-generation catalysts in 
trifluorotoluene as solvent, at 0°C, and short reaction times gave ee ratios of 68- 
92%. Lowered reaction temperature generally resulted in reduced chemical yields 
but did not erode the ee ratio. Tether lengths one smaller or one larger also tended to 
erode the ee ratio (Scheme 4.73). 




R = Bn, Me, i-Pr, (-Bu 



Figure 4.8 Hashimoto catalysts. 




302 



Carbonyl Ylides 



phenylmaleimide as the dipolarophile gave a large preference for the exo product 
276 with rhodium, but provided little enantioselectivity (Scheme 4.75). Interest- 
ingly, the use of copper bis(oxazoline) provided an excess of the endo isomer, but 
again, the enantioselectivity was extremely low for both isomers. 

4.3. OXIDOPYRYLIUM ION CYCLOADDITIONS 



Over the past decade, Wender et al. (142-146) utilized the oxidopyrylium ions, a 
special class of carbonyl ylides with significant aromatic character, for use in 
concerted [5 + 2] -cycloaddition reactions. This strategy has lead to the synthesis of 
tigliane natural products such as phorbol and daphnane diterpenes such as 
resiniferatoxin (146,147). Starting with the cesium salt of kojic acid, O-allylation 
and Claisen rearrangement was used to produce the cycloaddition precursor 277 
(145,148,149). The cycloaddition is initiated from pyrone 277 by thermal group 
transfer to generate ylide 278. In the transition state, the side chain adopts a chair- 
like conformation with the Cig methyl assuming an equatorial position to minimize 
interaction with the Cjo substituent. This ultimately establishes the correct relative 
stereochemistry at the three contiguous stereogenic centers (Scheme 4.76). 

Wender utilized a similar protocol to achieve a nonracemic phorbol synthesis. 
Due to the expense and lack of chirality associated with kojic acid, Wender chose to 
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Scheme 4.76 Wender group approach to phorbol. 
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Scheme 4.77 Asymmetric approach to phorbol. 



prepare the pyrone cyclization precursor via a furan oxidative ring expansion. 
Following a similar synthetic pathway, Wender disclosed the first asymmetric 
synthesis of the daphnane diterpene resiniferatoxin, a potent analgesic agent (147). 
In this case, the oxidopyrylium ion was derived from dihydropyrone ( 281 ) 
(Scheme 4.77). 

Over the past several years, Mascarenas and co-workers (150-153) utilized the 
oxidopyrylium ion with variously hetero-substituted olefin tethers. Mascarenas has 
used this methodology in tandem with a Diels-Alder reaction to prepare tricyclic 
cycloheptanoid substrates. Further, Mascarenas and co-workers (154-156) achieved 
the synthesis of optically active oxabicyclic[3.2.1]octane derivatives through the 
addition of a homochiral p-tolylsulfinyl group substituted at the olefin tether. The 
Mascarenas group has also used this methodology to prepare the THF portion of 
(±)-nemorensic acid via oxidative cleavage of the substituted a-hydroxy ketone 
moiety (157) (Scheme 4.78). 

Magnus and co-workers (158-162) used the power of the oxidopyrylium 
cycloaddition to prepare a taxol precursor 288 , generating a synthon for the taxol 




Scheme 4.78 Heteroatom tethered cycloaddition. 
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B and C rings by preparing a bicyclo[5.4.0]undecane (287) amenable to cyclo- 
propanation followed by ring opening to generate the cyclooctane B ring 
(Scheme 4.79). 

Magnus and Shen (163) used a similar synthetic strategy to prepare the core 
structure of the cyathins (Scheme 4.80). This novel group of fused five, seven, 
six-ring containing species exhibit highly potent nerve growth factor induction, 
thought to be a possible therapy for neurodegenerative diseases such as Alzheimer’s 
or ALS. Starting from a disubstituted cyclopentane template 289 , Magnus was able 
to generate the oxidopyrylium ion, then cycloadd to a tethered olehn to give bridged 
ether 290 . 

The Williams approach to bicyclo[5.4.0]undecane containing molecules such as 
the cyathins, striatins, dolastanes, clavularanes, grayanotoxins, tiglianes, and 
daphnanes also utilizes an oxidopyrylium cycloaddition to generate the ether 
constrained bicyclic (Scheme 4.81) (164). The object of the Williams study was 
to prepare the bicyclo[5.4.0]undecanes and investigate the regio- and stereocon- 
trolled oxidation of the substrate. 

Finally, in a very recent disclosure, Lee et al. (165) approached the total 
synthesis of arteminolide using a [5 + 2] cycloaddition strategy with an oxidopyr- 
ylium ion. Despite its long history of use, Lee was the hrst to utilize an allene 
moiety both in an intra- and an intermolecular cycloaddition with oxidopyrylium 
ions. By utilizing a pyrone cycloaddition precursor ( 294 ) similar to those used in 
the Wender phorbol synthesis, Lee was able to synthesize various ring sizes and 



Me Me 





Scheme 4.80 Magnus approach to the cyathins. 
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Scheme 4.81 Williams approach to bicyclo[5.4.0]undecanones. 



examine the selectivity of the allene. Lee found that only neutral and electron-rich 
allenes could function effectively as a dipolarophile. In the intermolecular case, 
only moderate to low yields were obtained and only the terminal olefin was 
reactive. It was also found in the intramolecular series that tether length and allene 
reactivity are intimately related (Scheme 4.82). 

When the pyrone 297 was exposed to base in dichloromethane, formation of the 
oxidopyrylium occurs and subsequent cycloaddition transpires. Lee found that 
when the allene tether was 3 (n = 0), cycloaddition occurs to form the bicy- 
clo[5.3.0]decadiene 298 exclusively, rather than the alternative bicyclo[5.2.0] 
nonadiene product 299. Increasing the tether length by one resulted in formation 
of the exo-substituted double bond (299) in 45% yield. Increasing the tether length 
by one carbon, to four, completely retarded the cycloaddition (Scheme 4.83). 




(294) 




Scheme 4.82 Lee initial allene cycloaddition. 




(297) 



(298) 



(299) 



Scheme 4.83 Lee approach to arteminolide. 
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4.4. SYNTHESIS USING NONMETALLOCARBENOID 
PRECURSORS AND NOVEL 
METALLOCARBENOID PROCESSES 



Although there has been a great deal of progress in designing methodology using 
stabilized carbonyl ylides over the last two decades, the synthetic uses of 
nonstabilized ylides are much less complete. Linderman and co-workers (166- 
169) chose to synthesize furanones from electrophilic capped carbonyl ylides, 
presenting a method of using nonstabilized ylides for synthesis. The Linderman 
group found that the a-alkoxytin or a-alkoxysilanes could be prepared in good yield 
via a Mukaiyama aldol reaction of a MOM acetal with a silyloxyenol ether. From 
the bifunctional reagent formed, transmetalation with butyllithium, followed by 
internal attack of nucleophile formed on the requisite internal electrophile gave the 
substituted furanones in good overall yield (Scheme 4.84). 

Dittami et al. (170,171) was able to generate a carbonyl ylide via photocycliza- 
tion of an aryl vinyl ether (Scheme 4.85). The photocycllzation proceeded through a 
six-electron rearrangement providing initially the carbonyl ylide, then subsequent 
to the cyclization, a dipolar cycloaddition takes place with a pendant olefinic tether. 





(300) 






Scheme 4.85 Dittami photocyclization to carbonyl ylides. 
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Scheme 4.86 Oxirane thermolysis to carbonyl ylide. 



There are very few examples of photolysis being used for preparation of a carbonyl 
ylide. The Dittami protocol follows work completed from his lab with aryl vinyl 
sulfides. Photolysis, followed by cycloaddition, led to the cycloadduct 305 in 
excellent yield and stereoselectivity. If the aryl vinyl ether 304 was subjected to 
irradiation in a mixed solution of toluene-methanol at 366 nm rather than a single 
solvent of toluene, cyclized product was obtained, but no cycloadduct was formed. 
If a simple phenyl aryl ether was subjected to the same tandem conditions, the 
cyclized product was generated, but no cycloadduct was detected. 

de March and co-workers (172) found that epoxides provided simple precursors 
to carbonyl ylides. Experimentation showed that to obtain a reasonable yield of 
cycloaddition product required that the terminal end of the oxirane be substituted 
with two electron-withdrawing groups to stabilize the incipient anion formed. 
Thermolysis of 306 in chlorobenzene at 160 °C in a sealed pressure flask provided 
the dihydrofuran cycloadduct 307 in 76% chemical yield (Scheme 4.86). 

Hosami and co-workers (12,173,174) prepared alternative forms of nonstabilized 
ylides (Scheme 4.87). They generated tailor-made carbonyl ylides from substituted 
1,3-dichloroethers through a “1,3-elimination” pathway mediated with a samarium 
reagent. These simple carbonyl ylide intermediates are valuable for preparing 
tetrahydro- and dihydrofurans. To a mixture of bis(chloromethyl) ethers and 



Ri Cl 

J. Sm°(4 equiv), 12(4.2 equiv) 

Cl O R2 ^ 

Rl = H, Me, Et 
Rj = H, Me, Et 

(308) 



Rl Cl 

• 

(309) 

R2 

+ 

(310) 




SiMe3 



Scheme 4.87 Hosami nonstabilized carbonyl ylide. 
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OSiEt3 




4:1 

(312) 



C02(CH2)3Ph 



(313) 




Scheme 4.88 Takai cycloaddition of nonstabilized ylides. 



samarium/l 2 , a number of dipolarophiles were added to complete the carbonyl ylide 
cycloaddition. Both symmetric and nonsymmetric ylides were possible substrates 
depending on the substitution about the ether. A number of alkene, alkyne, and 
allene reagents have been used as the dipolarophile for cycloaddition, providing 
good-to-excellent yields in all cases. Hosami also added a ketone as the dipolar- 
ophile in one case, generating a dioxolane product. The limitation of this 
methodology is the availability of differentially substituted bis(chloromethyl) ethers. 

Takai et al. (175,176) used a similar approach to generate “nonstabilized 
carbonyl ylides” to that of Hosami. Due to the inherent reactivity and unwanted 
side reactions of the Sml 2 used hy Hosami (reduction of a,P-unsaturated carbonyls 
or pinacol coupling of aldehydes), Takai chose to use a mixed-metal process that 
could be tuned depending on the dipolarophile and outcome needed (Scheme 4.88). 
Takai found that the carbonyl ylide could be generated from either a his(iodoethyl) 
ether or from a 1-silyloxy substituted ethyl iodide using Mn metal and PhCl 2 . Takai 
assumed that because of similar reactivity profiles of the two ylide precursors, the 
two could he in equilibrium with one another. In terms of chemoselectivity, both 
nonstabilized ylides were more reactive to acrylates rather than simple olefins in a 
competitive study. With the iodoalkyl triethylsilyl ether, it was noted that some 
diasteroselectivity could be accomplished by the presence or absence of PbCl 2 . 

One novel and interesting method of generating a silacarbonyl ylide occurred 
through the addition of a carbonyl species with a silylene formed under photolytic 
conditions. Komatsu and co-workers (177) found that photolysis of trisilane ( 315 ) 
in solution with a bulky carbonyl species led initially to the formation of a 
silacarbonyl ylide followed by a dipolar cycloaddition of an olefinic or carbonyl 
substrate. Reaction of simple, nonbulky aldehydes led to only moderate yields of 
cycloadduct, the siladioxolane. One lone ketone example was given, but the 
cycloadduct from the reaction was prepared in very low yield (Scheme 4.89). 

Hudlicky and Barbieri (178) developed a simple two-step strategy to generate 
vinyl oxiranes, and then rearrange the vinyl oxirane to form functionalized 
dihydrofurans in a formal [2 -f 3]-annulation process. Both pyrolysis and ring 
opening with TMSI have been used to initiate the rearrangement process 
(Scheme 4.90). 

Hudlicky and Barbieri (178) developed a simple procedure to synthesize the 
substituted vinyl oxiranes by adding the lithium dienolate of a l-bromo-4-silyloxy- 
ethyl-2-butenoate to substituted aldehydes. From the vinyl oxiranes formed. 
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Mes2Si(SiMe3)2 



(315) 



+ 



(316) 





Mes = mesylate 




(318) 



Scheme 4.89 Reaction of silacarbonyl ylide. 



R 

H 



O 



OTBS 



C02Et 



(319) 



TMSI, HMDS, -78 to -50 °C 
or pyrolysis, 400 °C 




TBS = tertbutyldimethylsilyl 
HMDS = hexamethyldisilayane 

Scheme 4.90 [2 + 3] Annulation to dihydrofurans. 



Hudlicky found that C— C bond cleavage of the oxirane occurred readily, while the 
alternative C— O bond cleavage products were not detected. 

4.5. CONCLUDING REMARKS 



It is tempting to say that the use of carbonyl ylides in tandem with subsequent 
cycloaddition reactions is the answer to most synthetic problems. This is obviously 
not the answer for every type of natural product or methodological problem 
encountered, but it can be argued that these tandem reactions present a highly 
efficient, regio- and stereospecific way of approaching many synthetic problems. 
The synthetic systems that have already been addressed, are being addressed, and 
those problems for which this methodology could provide meaningful access are 
proof that this methodology adds greatly to the arsenal of the synthetic chemist. 
Although there are still many problems that have not been addressed and difficulties 
with the processes that limit it’s scope, the speed and efficiency of bond construc- 
tion, leave this tandem reaction sequence as one who has not reached it’s full 
potential. The strides over the last two decades have been enormous, but there are 
still a great number of challenges and interesting chemistry left to this sequence. 
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Thiocarbonyl Ylides 



Thiocarbonyl ylides (1) belong to tbe family of sulfur-centered 1,3-dipoles 
characterized by tbe presence of two sp^ C atoms attached to the sulfur atom. 
Formal replacement of one of the C atoms by heteroatoms such as NR 3 , O, and S 
lead to the other representatives of the family, namely, thiocarbonyl S-imides (2), 
S-oxides (sulfines) (3), and S-sulhdes (thiosulhnes) (4), respectively. 




+ + + 



( 2 ) ( 3 ) ( 4 ) 

The dipolar structure 1 describes the chemical behavior of thiocarbonyl ylides 
best, although other mesomeric forms have been used for the representation of the 
electronic structure of these dipoles. The parent compound, thioformaldehyde 
(5)-methylide ( 1 ), was studied by means of spectroscopic and theoretical methods 
(2-5), which showed that the molecule possesses a bent allyl-type structure ( 6 ). 
According to theoretical calculations, structures lA and IB have the largest 
contribution (31.5% each) in the representation of the electronic structure, whereas 
1C, which reflects the 1,3-dipolar character, has only a 4.2% contribution (5). 

In comparison with other 1,3-dipoles that have been extensively explored in 
organic synthesis (7), sulfur-centered 1,3-dipoles (1-4) are rather uncommon 
species. However, within the last two decades, remarkable progress has been made 
regarding both methods of generation and synthetic applications. In particular, thio- 
carbonyl ylides (1) were established as key intermediates useful for the preparation 
of sulfur-containing heterocyclic compounds. General methods for the preparation 
of thiocarbonyl ylides and their chemical reactivity have been reviewed ( 8 - 11 ). 

Historically, the first reactions involving thiocarbonyl ylides involve the 
preparation of thiiranes and 1,3-dithiolanes from diazomethane and thiocarbonyl 
compounds reported early in the last century by Staudinger and co-workers (12,13). 
Similar reactions have been studied by Schonberg and co-workers (14-16) during 
the 1960s, but neither was the reaction mechanism understood nor have thiocarbo- 
nyl ylides been recognized as key intermediates. [For some remarks to this subject 
see ( 8 ) and (10) in (17).] 

In the middle of the 1950s, Knott reported the synthesis of dyestuffs based on 
benzothiazole derivatives. Alkylation of A-methylbenzo-l,3-thiazole-2-thione with 
a-bromoacetophenone and deprotonation of the resulting thiocarbonylium salt 5 
yielded, after spontaneous desulfurization of the intermediate thiirane (7), the 
alkylidene derivative 8 (18) (Scheme 5.1). In order to rationalize the reaction, 
thiocarbonyl ylide 6 was proposed as the precursor of thiirane 7. To the best of our 
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)^S-CH2 

Br- 
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Me 



NO2 



base 



( 5 ) 




Me 

(6) 




Me 



( 8 ) 




NO2 



knowledge, this represents the first formulation of a thiocarbonyl-ylide-type 
intermediate. 

Some years later, the first stable thiocarbonyl ylides 9 and 10 were prepared by 
the reaction of thiourea with cyano-substituted oxiranes (19,20) or by addition of 
Rh-di(tosyl)carbenoid to benzo-l,2-dithiole-3-thione (21), respectively. Enhanced 
stability and the low reactivity of 9 and 10 , which enables their isolation in 
crystalline form, results from the push-pull substitution at the two termini [cf. also 
(22)]. Another class of stable thiocarbonyl ylides that are also able to afford [3 + 2]- 
cycloaddition products are the mesoionic l,3-dithiole-4-ones of type 11 (23,24). 




Tos = tosyl 



Systematic studies of the nitrogen elimination from 2,5-dihydro- 1,3,4-thiadia- 
zoles by Kellogg and co-workers (8,25) established thiocarbonyl ylides as reactive 
intermediates, which either undergo an electrocyclization reaction to give thiiranes 
or can be trapped by suitable dipolarophiles to produce sulfur-containing 
five-membered heterocycles. By using two stereoisomeric precursors (cis-12 and 
trans-12), Kellogg showed that the resulting thiiranes ( 14 ) were trans- and cis- 
configured, respectively (Scheme 5.2). From this result he concluded that thermal 
elimination of N 2 leads stereoselectively to thiocarbonyl ylides with retained 
configuration. A subsequent thermal conrotatory ring closure produces thiiranes, 
in accordance with the Woodward-Hoffmann rules (26). 




318 



Thiocarbonyl Ylides 



N-N 

H/A Ah 
r-Bu^S >,-Bu 


A 

-N 2 


H H 

t-Bu'^S"^t-Bu 

+ 


t-Bu H 


cis-(\2) 




(£,£)-(13) 


trans-(14) 


N=N 

H/^V \^v'f-Bu 

t-Bu^ S H 


A 

-N 2 


H f-Bu 

1-Bu'^S'^H 


l-Bu ^t-Bu 

H S H 



trans-(l2) 



+ 

(£,Z)-(13) 
Scheme 5.2 






Over the past two decades, important contributions to the chemistry of 
thiocarbonyl ylides were made by Huisgen et al. (27). By carrying out the reaction 
of thiobenzophenone with diazomethane at low temperature, formation of 2,5- 
dihydro- 1,3, 4-thiadiazole ( 15 ) with subsequent elimination of N 2 was established as 
the route to the reactive thiobenzophenone (5)-methylide ( 16 ) (17,28). In the 
absence of intercepting reagents, 16 undergoes electrocyclization to give 17 or 
head-to-head dimerization to yield 1,4-dithiane 18 (Scheme 5.3). 

The desilylation methodology for the generation of 1,3-dipoles, developed by 
Vedejs and West (29) with regard to azomethine ylides, was successfully applied by 
Achiwa and co-workers (30) to the field of thiocarbonyl ylides. This approach 
allowed the generation of the parent thioformaldehyde (S)-methylide (la) and its 
use for preparative purposes (31,32). Generation of la in the presence of C=C 
dipolarophiles led to tetrahydrothiophenes ( 19 ) in high yield (Scheme 5.4). 

The goal of this chapter is to summarize the methods used for the generation of 
thiocarbonyl ylides and their subsequent use in organic synthesis. 
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5.1. METHODS OF GENERATION 



5.1.1. Cycloreversion Reactions 



Two types of sulfur-containing five-membered heterocycles are convenient 
precursors of thiocarbonyl ylides, namely, 2, 5-dihydro- 1, 3, 4-thiadiazoles (20) and 
l,3-oxathiolan-5-ones (21) (Scheme 5.5). The precursors 20 are accessible by two 
different methods. 

The first method, leading exclusively to symmetrically substituted products, 
involves a multistep procedure starting with a carbonyl compound and hydrazine. 
The resulting symmetrical azine can then be transformed into 20 either via addition 
of H2S followed by a dehydrogenation with diethyl azodicarboxylate (25,33,34) or 
by chlorination and subsequent reaction with H2S in the presence of a base (25). 
The second approach is based on the reaction of thiocarbonyl derivatives with diazo 
compounds [cf. (11)], which in the case of diazoalkanes, already occurs at low 
temperature. This method allows for the synthesis of unsymmetrically substituted 
precursors 20. Kinetic studies by Huisgen and co-workers showed that the N2- 
elimination step is a first-order reaction, and that the reaction rate is strongly de- 
pendent on the type and number of substituents. In general, increasing the number 
of aliphatic and bulky substituents enhances the thermal stability of 20. On the 
other hand, aryl groups tend to accelerate the elimination of nitrogen (17,35^1). 

In some instances, sterically encumbered 2,5-dihydro-l,3,4-thiadiazoles do not 
eliminate nitrogen. Instead, cycloreversion leading to the starting materials or a new 
pair of diazo- and thiocarbonyl compounds was reported. Thus, a crystalline 
product of type 20, obtained from di(tert-butyl)diazomethane and 2-benzyl-4,4- 
dimethyl-l,3-thiazole-5(4//)-thione, was found to dissociate in solution to give the 
starting materials (42). In the case of (fert-butyl)(trimethylsilyl)thioketone and 
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Scheme 5.5 
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diphenyldiazomethane, the expected dihydrothiadiazole 20a was formed but rapidly 
decomposed at room temperature to give thiobenzophenone and (tert-butyl) 
(trimethylsilyl)diazomethane (43) (Scheme 5.6). 

Elimination of CO 2 from 21 requires higher temperatures. Reported protocols 
include the thermolysis without solvent at 130°C (44), heating in solution at 150- 
230 °C (45), as well as in the gas phase at 600 °C (EVP) (46). Eor synthetic pur- 
poses, this method has been used for the preparation of sterically hindered olehns 
and represents an extension of the twofold extrusion methodology [cf. (47,48)]. 

5.1.2. 1,3-Elimination Reactions 

Silylated thioethers undergo thermal- or fluoride-catalyzed elimination to yield 
thiocarbonyl ylides as reactive intermediates. The generation of the parent species 
la using CsF as the catalyst is presented in Scheme 5.4 (31,32). Under similar 
conditions, imino- substituted thiocarbonyl ylides 23 (X = RjN) were generated 
starting from N-substituted dithioiminocarbonates 22 (X = RiN, Scheme 5.7). They 
undergo [3-1-2] cycloaddition with aromatic aldehydes to give l,3-oxathiolane-2- 
imines (24) (X = RiN) (49) or enter secondary conversions leading to thiiranes as 
the hnal products (50). Starting with a silylated dithioketenacetal (22) (X = indane- 
l,3-dion-2-ylidene), thioketene (S)-methylide was formed and trapped in situ using 
C=0 and C=C dipolarophiles (51). 

X 

CsF - R2CH0 '7— q 

(23) (24) 
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Scheme 5.7 
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Scheme 5.8 

a-Halogenated bis[(trimethylsilyl)methyl]thioethers (25) eliminate halotri- 
methylsilane at 110 °C in dimethylformamide (DMF) to give silylated thiocarbonyl 
ylides of type 26 (Scheme 5.8). In this case, no fluoride catalyst was necessary (52). 

The thermolysis of his[(trimethylsilyl)methyl]sulfoxides (27) at 100 °C in 
hexamethylphosphoramide (HMPA) results in the elimination of hexamethyldisi- 
loxane, and thiocarhonyl ylides appear as reactive intermediates (53). This protocol 
allows the generation of the parent species la, as well as monosubstituted and 
alkylidene-substituted representatives such as lb and Ic, which are difficult to 
obtain by other methods (Scheme 5.9). 
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(27) 
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+ 
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Ar 
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Scheme 5.9 



-(Mc3Si)20 + 

(lb) 

OSiMe3 

R'^S'^SiMe3 

(29) 



The formation of 29, the product of a sila-Pummerer rearrangement, as a minor 
reaction product points to the intermediacy of the ion pair 28. 

Starting with diarylthioketones and (trimethylsilyl)methyl triflate, thiocarbonyl 
ylides of type Id are easily accessible (54). The key intermediate in this reaction is 
believed to be an ion pair of type 28. 

Another approach to thiocarbonyl ylides involves the 1,3-elimination of 
HCl from a-chlorothioethers of type 30, which are prepared by the reaction of 
a-chlorosulfenyl chlorides with carbanions bearing electron-withdrawing groups. 
Subsequent treatment with tert-butanolate leads to 31 (55) (Scheme 5.10). 
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5.1.3. Deprotonation of Thioxonium Salts 

As mentioned earlier, the first example of the generation of a thiocarbonyl ylide 
by deprotonation of a thioxonium salt was reported by Knott (18) and is presented 
in Scheme 5.1. This method is frequently used since the starting materials 32 are 
easily available via alkylation of C=S functionalized compounds such as thioke- 
tones, thioamides, thiourea derivatives, and dithioesters (Scheme 5.11). 

Typically, thioxonium salts (32) are stable compounds, and the deprotonation is 
performed at low temperatures. This method has been used to synthesize reactive 
thiocarbonyl ylides as well as stable and isolable ones (56-60). Arduengo and 
Burgess (3) prepared differently substituted thiocarbonyl ylides from thiourea 
derivatives, and in the case of 33, the structure has been established by X-ray 
crystallography. 




(33) (34) 



Mesoionic l,3-thiazole-4-ones of type 34 are known as thioisomiinchnones. As 
one of the mesomeric structures demonstrates, these species contain the structural 
fragment characteristic of thiocarbonyl ylides (61). A convenient access to 
thioisomiinchnones involves the reaction of A-arylthiobenzamides with a-bromo- 
phenylacetyl chloride (62). 



5.1.4. Addition of Carbenes and Carbenoids to C=S Groups 



Aliphatic diazo compounds are convenient starting materials for the generation 
of carbenes by photolytic or thermal methods. Decomposition of diazo compounds 
can be catalyzed by some metals or metal salts (63,64). Whereas copper salts were 
first used, rhodium(II) acetate has recently become recognized as one of the most 
efficient catalysts and is now used almost exlusively (65). 
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Addition of electrophilic carbenes and carbenoids to heteromultiple bonds has 
been explored as a method for the generation of 1,3-dipoles, such as nitrile ylides, 
azomethine ylides, and carbonyl ylides (65). Extension of this methodology to 
thiocarbonyl compounds opens another convenient access to reactive thiocarbonyl 
ylides. As previously discussed, alkyl- and aryl-substituted diazomethanes undergo 
a smooth [3-1-2] cycloaddition with C=S groups to yield 2, 5-dihydro- 1,3,4- 
thiadiazoles that are good precursors for thiocarbonyl ylides (cf. Schemes 5.3 
and 5.5). Due to the instability of many thiocarbonyl compounds, thermally 
mediated carbene generation is of no practical importance. Photolytical generation 
of carbenes from diazo compounds in the presence of a thiocarbonyl compound is 
not a particularly common procedure. In an earlier mechanistic study, a mixture of 
diazomethane and the sterically crowded l,l,3,3-tetramethylindane-2-thione was 
irradiated at 10 K in an argon matrix. Formation of an intermediate thiocarbonyl 
ylide was established by ultraviolet (UV) spectroscopy (66). A similar investiga- 
tion was performed using diphenyldiazomethane and sterically congested 
thioketones (67). 

The reaction of unreactive diazo compounds with thiocarbonyl groups need to be 
catalyzed, and involves the addition of a carbene or carbenoid to the S atom 
forming the thiocarbonyl ylide directly. A representative example involves the 
reaction of thiobenzophenone with diazomalonate, which occurs smoothly in the 
presence of catalytic amounts of Rh 2 (OAc) 4 . Formation of thiirane ( 35 ) and 
diphenylmethylidene malonate ( 36 ) is the result of ring closure of the intermediate 
thiocarbonyl ylide (le) followed by partial desulfurization (68) (Scheme 5.12). 
Interestingly, on irradiation of diazo malonate and thiobenzophenone, the only 
product obtained was 36 (69). Other efficient protocols for the formation of 
thiocarbonyl ylides via carbene addition consist of the thermal decomposition of 
Seyferth reagents (70) and the generation of dichlorocarbene using two-phase 
methodology (71). There are also examples reported for the formal transfer of 
carbenes to C=S groups using substituted phenyliodonium methylides (72) and 
cyano-substituted oxiranes (19,20) as precursors of bivalent carbon species. 
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Scheme 5.12 
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5.1.5. Photochemical Rearrangements of Thioethers 



As early as 1969, Block and Corey (73) observed the photochemical transforma- 
tion of divinyl sulhde 37 to a mixture of isomeric cyclization products (39 and 40) 
(Scheme 5.13). A pathway involving the cyclic thiocarbonyl ylide 38 was proposed. 
A theoretical study concerning the nature of intermediates in the photochemical 
cyclization of divinyl sulhdes was recently carried out (74). Several examples are 
known in which the vinyl group is part of an aromatic system. 
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Scheme 5.14 

Whereas the thermal ring-opening reaction of oxiranes and aziridines is fre- 
quently used for generation of carbonyl ylides and azomethine ylides, the analogous 
procedure starting with thiiranes does not produce the expected thiocarbonyl ylides 
(8). However, in the case of tetraaryl-substituted thiiranes, the photoly tic ally 
mediated reaction with tetracyanoethylene (TCNE) is believed to occur via a single 
electron transfer (SET) mechanism, also involving a thiocarbonyl ylide as a likely 
intermediate (75,76) (Scheme 5.14). 



5.2. CHEMICAL BEHAVIOR 



Like other 1,3-dipolar species, thiocarbonyl ylides are able to enter intramole- 
cular as well as intermolecular cycloaddition reactions. In this chapter, selected 
examples of both types will be illustrated. 



5.2.1. Intramolecular Reactions 

5.2. 1.1. Electrocyclizations 

Thiocarbonyl ylides without push-pull stabilization, in the absence of intercept- 
ing reagents, undergo 1,3-dipolar electrocyclization to give thiiranes. In accordance 
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Scheme 5.15 



with the Woodward-Hoffmann rules, this ring closure occurs in a conrotatory 
manner (8,25,46). In the case of thiocarbonyl ylides bearing an additional 
7i-functionality, a competitive 1,5-dipolar electrocyclization is possible. In many 
cases, the 1,5-ring closure is the dominant reaction. However, a strong dependence 
on the type of substituent group has been observed (77-83) (Scheme 5.15). 

5. 2. 1.2. 1 ,4 -Hydro gen Shift 



In some cases involving aliphatic thiocarbonyl ylides, a 1,4-H shift occurs to 
afford vinyl thioethers. As an example, thiocarbonyl ylides ( 41 ), generated by the 
addition of isopropylidene carbene to aliphatic thioketones, are converted to 
divinylthioethers ( 42 ) (84) (Scheme 5.16). 

Attempts to generate thiocamphor (S)-methylide ( 44 ) by the addition of 
diazomethane to thiocamphor and subsequent N 2 -elimination from the [3 + 21- 
cycloadduct 43 led to enethiol ether 45 via a 1,4-H shift (Scheme 5.17). The 
formation of an unstable intermediate 43 was proposed on the basis of the proton 
nuclear magnetic resonance ('H NMR) spectrum of the crude mixture. The 
postulated intermediate 44 could not be intercepted by dipolarophiles or methanol, 
and did not undergo electrocyclization to give the corresponding thiirane (41). 




Scheme 5.17 
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On the other hand, the analogous reaction of 2,2,4,4-tetramethyl-3-thioxocyclo- 
butanone and 2-diazopropane afforded a stable cycloadduct, which upon heating 
eliminated N 2 and yielded a mixture of thiirane (46) and vinyl thioether 47 (85). A 
similar competition involving both an electrocyclization and a 1,4-H shift was 
observed in the case of diisopropylthioketone (5)-methylide (39). 




5.2. 1.3. Skeleton Rearrangements 

Thiocarbonyl ylides are both nucleophilic and basic compounds (40,41,86). For 
example, adamantanethione (5')-methylide (52) is able to deprotonate its precursor, 
the corresponding 2,5-dihydro- 1,3,4-thiadiazole, and a 1:1 adduct is formed in a 
multistep reaction (40,86). Thioxonium ion (56) (Scheme 5.22) was proposed as a 
reactive intermediate. On the other hand, thiofenchone (5')-methylide (48) is not 
able to deprotonate its precursor but instead undergoes electrocyclization to give a 
mixture of diastereoisomeric thiiranes (41,87,88). The addition of a trace of acetic 
acid changes the reaction course remarkably, and instead of an electrocyclization 
product, the new isomer 51 was isolated (41,87) (Scheme 5.18). The formation of 
51 is the result of a Wagner-Meerwein rearrangement of thioxonium ion 49. 




(48) 



(49) 



(50) 



Scheme 5.18 




5.2.2. Intermolecular Reactions 

5.2.2. 1. [3 + 2] Cycloadditions 



As is the case with other 1,3-dipoles, thiocarbonyl ylides undergo [3-1-2]- 
cycloaddition reactions producing five-membered sulfur heterocycles [cf. (8)]. 
These ylides belong to the class of electron-rich 1,3-dipoles (89) and, according 
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to the classification of Sustmann (90), react preferably with electron-poor dipolar- 
ophiles. Kinetic studies using thiobenzophenone (5)-methylide ( 16 ) showed that 
aromatic thioketones are very efficient intercepting agents and, for this reason they 
were named by Huisgen as superdipolarophiles (91-93). Along with electron-poor 
C=C dipolarophiles, a variety of hetero-dipolarophiles were successfully exploited 
in [3 -I- 2] cycloadditions with differently substituted thiocarbonyl ylides (Scheme 
5.19). 

The formation of five-membered tetrahydrothiophene rings using nonsymme- 
trical reaction partners usually occurs with high regioselectively. In most cases, a 
stereospecific reaction was observed (9,27,94). Recently, a diastereoselective 
cycloaddition of the parent species la to various chiral a,P-unsaturated amides 
was also reported (32,95). 

Cycloaddition of sterically crowded 2,2,4,4-tetramethyl-3-thioxocyclobutanone 
(S)-methylide ( 69 ) (Scheme 5.25) with extremely electron-poor dipolarophiles are 
of special interest with respect to the theory of dipolar cycloaddition chemistry. In 
these reactions, a nonconcerted, two-step mechanism was proposed (96,97). 



5.2. 2. 2. 1,3-Addition Reactions 



Acidic compounds of type R— XH, which are able to protonate thiocarbonyl 
ylides, also undergo 1,3-addition leading to products of S,S-, S,0-, or 5,A-acetal 
type (Scheme 5.20). Thiophenols and thiols add smoothly to thiocarbonyl ylides 
generated from 2,5-dihydro-l,3,4-thiadiazoles (36,38,86,98,99). Thiocamphor, 
which exists in solution in equilibrium with its enethiol form, undergoes a similar 
reaction with adamantanethione (S)-methylide ( 52 ) to give dithioacetal 53 (40) 
(Scheme 5.21). Formation of analogous products was observed with some thio- 
carbonyl functionalized NH-heterocycles (100). 

Phenols and alcohols also react with substituted thiocarbonyl ylides, although for 
the reaction with alcohols, acid catalysis is usually recommended (36,38,41,99). 
Some NH-azoles are sufficiently acidic to give 1,3-adducts without the addition of a 




(1) X = S, O, NR 



Scheme 5.20 
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Scheme 5.21 



catalyst (101,102). Malonodinitrile reacts in a similar manner with 52 , but in this 
case the initial adduct 54 eliminates methanethiol to give dicyanomethylidene 
adamantane ( 55 ) (40,86) (Scheme 5.21). 

In some cases, aliphatic thiocarbonyl (S)-methylides can be protonated by 2,5- 
dihydro- 1,3, 4-thiadiazoles, which are their precursors, to give a thioxonium ion 
(e.g., 56 ). Carbanion 57 undergoes a ring opening to thiolate 58 , which subse- 
quently combines with 56 to give (5,5)-acetal 59 (40,103) (Scheme 5.22). 




Scheme 5.22 



5.2.23. Dimerization Reactions 



As mentioned previously, 2,5-dihydro-l,3,4-thiadiazoles obtained from aromatic 
thioketones and diazomethane readily eliminate N 2 at —45 °C. (S)-Methylides 
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generated under these conditions undergo a head-to-head dimerization to produce 
2,2,3,3-tetraaryl-l,4-dithianes (17,28) (cf. Scheme 5.3). Formation of analogous 
products was also observed with some thiocarbonyl (S)-methylides obtained from 
dithioesters (60,104) or l,3-thiazole-5(477)-thiones (105). 

5.3. APPLICATION IN THE SYNTHESIS OE HETEROCYCLES 

5.3.1. Three-Membered Rings: Thiiranes 



As mentioned on pages 317 and 324, the 1,3-dipolar electrocyclization of thiocarbo- 
nyl ylides leads to thiirane derivatives, which represents an excellent method for the 
preparation of those three-membered rings. Typically, thiiranes are isolated as the 
final products, but in some instances they are produced as intermediate compounds 
which spontaneously desulfurize to give alkenes [twofold extrusion (47,48)]. 

The preparation of thiiranes is most conveniently performed in solution. 
However, there are also protocols reported for reaction in the gas and solid phase. 
By using diazo and thiocarbonyl compounds in ether as solvent, both alkyl and aryl 
substituted thiiranes are accessible. As indicated earlier, aryl substituents destabi- 
lize the initially formed 2,5-dihydro- 1,3,4-thiadiazole ring and, in general, thiiranes 
are readily obtained at low temperature (13,15,35). On the other hand, alkyl 
substituents, especially bulky ones, enhance the stability of the initial cycloadduct, 
and the formation of thiiranes requires elevated temperatures (36^1,88). Some 
examples of sterically crowded thiiranes prepared from thioketones and a macro- 
cyclic diazo compound have been published by Atzmiiller and Vogtle (106). 
Diphenyldiazomethane reacts with (arylsulfonyl)isothiocyanates and this is fol- 
lowed by spontaneous N 2 elimination to give thiirane-2-imines (60) (107,108). 
Under similar conditions, acyl-substituted isothiocyanates afforded 2: 1-adducts 61 
(109) (Scheme 5.23). It seems likely that the formation of 61 involves a thiirane 
intermediate analogous to 60, which subsequently reacts with a second equivalent 
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of diphenyldiazomethane at the C=0 group, and then undergoes ring closure via a 
1,5-dipolar electrocyclization reaction. 

Catalyst-mediated decomposition of diazo compounds in the presence of C=S 
compounds has found application for the preparation of thiiranes in homogeneous 
systems (68,110,111). Recently, a convenient procedure for the preparation of 
geminal dichloro thiiranes from nonenolizable thioketones and chloroform under 
Makosza conditions was reported (112). Another approach to 2,2-dihalogenated 
thiiranes (e.g., 2,2-difluoro derivatives) involves the thermolysis of Seyferth 
reagents in the presence of thioketones (113,114a). Nucleophilic dimethoxycarbene 
was shown to add smoothly to adamantanethione to provide a unique approach to a 
thiiranone (5,5)-dimethylacetal (114b). 

The formation of tungsten complexes of thiiranes from diarylthioketones and 
W(CO) 5 -benzylidene complex is believed to occur via a thiocarbonyl ylide-like 
intermediate (115). 

The synthesis of thiiranes with subsequent elimination of sulfur is an important 
procedure for the creation of C=C bonds, especially for sterically crowded systems 
(47,48), in analogy to the Eschenmoser-sulfide-contraction reaction (116). The 
spontaneous elimination of sulfur was observed in the rhodium-catalyzed reaction 
of diazo compound 62 , which gave rise to the formation of cyclopentenone 
derivative 63 (117) (Scheme 5.24). A synthesis of indolizomycin was published 
by Danishefsky and co-workers (118) and involved a similar annulation step. In this 
case, however, the desulfurization reaction was achieved by treatment with 
Raney Ni. 

The same mechanistic pathway was proposed to rationalize the formation of 
furan-2-ylidene malonate 64 , a key intermediate in the synthesis of nonactic acid 
(119). Other examples that involve the replacement of a C=S group by an 




Scheme 5.24 
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alkylidene group (olefination), are the synthesis of (3-lactatn 65 (120), the steroid 
derivative 66 (121) [cf. also (122)], as well as the carbohydrate derivative 67 (123). 






In some cases involving dicyano-substituted thiocarbonyl ylides of type 9, ring 
closure to a thiirane and spontaneous desulfurization results in the formation of 
dicyano alkenes of type 68 (19,20). As a rule, the presence of electron- withdrawing 
substituents facilitates sulfur elimination. On the other hand, with alkyl and aryl 
substituents, desulfurization requires elevated temperature or the use of phosphanes 
(42,99,105,109,124-127). 



5.3.2. Five-Membered Rings 

5.3.2. 1. Thiophene Derivatives 

Numerous examples involving the preparation of tetrahydrothiophenes via 
[3 + 2] cycloaddition of thiocarbonyl ylides with electron-poor alkenes have been 
reported. Thiobenzophenone (5)-methylide (16), generated from 2, 5-dihydro- 1,3,4- 
thiadiazole (15) and analogous compounds, react with maleic anhydride, N- 
substituted maleic imide, maleates, fumarates, and fumaronitrile at —45 °C 
(28,91,93,98,128,129). Similar reactions with adamantanethione (S)-methylide 
(52) and 2,2,4,4-tetramethyl-3-thioxocyclobutanone (5')-methylide (69) occur at 
ca. -|-45°C and, generally, the products of type 70 were obtained in high yield 
(36,94,97,130) (Scheme 5.25). Reaction with (£)- and (Z)-configured dipolaro- 
philes stereospecifically afford trans and cis configured adducts. 

Nonactivated alkenes do not undergo reactions with thiocarbonyl ylides. How- 
ever, the strained (Z?)-cyclooctene reacts easily with 16, 52, and 69 to yield the 
corresponding trans-fused tetrahydrothiophenes (94). 
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(70a) Ri-Ri = -C0-0-C0-, Rj = H 
Ri-Ri = -CO-NR-CO-, R 2 = H 
Ri = CO 2 R, R 2 = H 



(70b) Ri = CO 2 R, R 2 = H 
Ri = CN, R 2 = H 



Scheme 5.25 



Simply substituted thiocarbonyl ylides, including the parent system, react with 
activated olefins to form tetrahydrothiophene derivatives (30,31,52,53,131). 
Recently, the thermal desilylation method was applied toward the preparation of 
the Cfio -fullerene-fused tetrahydrothiophene 71 (132) (Scheme 5.26). 

An attempted synthesis of biotin using thiocarbonyl ylide cycloaddition was 
carried out (131,133,134). The crucial step involves the formation of the tetra- 
hydrothiophene ring by [3 + 2] cycloaddition of a properly substituted thiocarbonyl 
ylide with a maleic or fumaric acid derivative (Scheme 5.27). As precursors of the 
thiocarbonyl ylides, compounds 25a, 72, and 73 were used. Further conversion of 
cycloadducts 74 into biotin (75) required several additional steps including a 
Curtius rearrangement to replace the carboxylic groups at C(3) and C(4) by amino 
moieties. 

The question of regioselectivity arises when nonsymmetrically substituted 
alkenes, such as acrylates, acrylonitrile, (methyl)vinylketone, and cinnamic acid 




Scheme 5.26 
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Scheme 5.28 



The first diastereoselective synthesis of a tetrahydrothiophene derivative was 
reported by Karlsson and Hogberg (32,95). The parent ylide la was added to a 
variety of C,C-dipolarophiles (79) bearing (— )-(15)-2,10-camphorsultam as the 
chiral auxiliary group to exclusively give trans-cycloadducts 80a, b with high 
diastereoselectivity [diastereomeric ratio (dr) "^9:1], (Scheme 5.28). 

The reaction of the sterically crowded thiocarbonyl ylide 69 with highly 
electron-deficient alkenes such as 2,3-dicyano fumarate and maleate, tetracya- 
noethene, a-cyano cinnamates, and l,2-bis(trifluoromethyl)ethene-l,2-dicarboni- 
trile occurred in a nonstereospecific manner (27,89,96,97,136-138). The formation 
of a mixture of cis/trans tetrahydrothiophenes of type 82 is the result of a stepwise 
reaction involving zwitterionic intermediates of type 81 (Scheme 5.29). Ylide 69 
fulfills the fundamental requirements for a two-step reaction with electron-deficient 
alkenes. This species corresponds to an electron-rich 1,3-dipole that also contains a 
bulky substituent at one terminus (89). 

Interception of photochemically generated thiocarbonyl ylides with reactive 
dipolarophiles (e.g., M-phenylmaleinimide) has been used for the preparation of 
polycyclic tetrahydrothiophenes of type 83 (139). An example is shown in Scheme 
5.30. 

In the absence of a dipolarophile, thiocarbonyl ylide 84 undergoes a 1,4- 
hydrogen shift to give the naphthoannelated thiophene derivative 85. Many 
examples of related syntheses have been reported (139-143). The photolysis of 
tetraarylthiiranes in the presence of tetracyanoethene represents an approach to 
tetrahydrothiophenes via a SET mechanism (75,76). 

The mesoionic compound 86 corresponds to a thioisomiinchnone (61) and was 
generated by the carbenoid strategy approach. This dipole reacts with A-phenyl- 
maleinimide to give the polycyclic adduct 87 (144) (Scheme 5.31). This method. 
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Scheme 5.31 



developed by Padwa and co-workers (61,117), was applied toward other annelated 
thiophene derivatives. 

Thioisorniinchnones prepared by classical methods (Section 5.1.3) have also 
been extensively used in [3-1-2] cycloadditions with olefinic dipolarophiles (145- 
148). In general, the initially formed cycloadducts are isolable. In some instances 
(Scheme 5.32), they extrude H 2 S to afford 2-pyridone derivatives of type 88 
(148,149). In another example, the double extrusion of H 2 S and CO occurred to 
give a pyrrole derivative (150). 




Scheme 5.32 



An attractive approach toward the preparation of polycyclic systems containing a 
thiophene ring involves the intramolecular [3 + 2] cycloaddition of thiocarbonyl 
ylides. A number of representative examples were reported using mesoionic 
compounds. Gotthardt et al. (151) used l,3-dithiolium-4-olates such as 89 bearing 
an olefinic side chain. Upon heating to 120 °C in xylene, the polycyclic tetrahy- 
drothiophene 90 was formed (Scheme 5.33). 

Thioisorniinchnones are known to undergo a range of intramolecular [3 + 2] 
cycloadditions. One example reported by Potts et al. (62) is shown in Scheme 5.34. 
Heating compound 91 (n = 1) resulted in a 7: 1 mixture of diastereoisomers 92a and 
92b. Elongation of the side chain (n = 2) led to the selective formation of isomer 
92a. On the other hand, the cyclohexen-3-yl derivative produced cycloadduct 92b 
as the exclusive product. 

This methodology was further developed in an elegant manner by Padwa and co- 
workers (61). Combined with a subsequent desulfurization reaction, the method 
was successfully applied toward the synthesis of complex polyheterocyclic systems 
related to alkaloid skeletons. For example, the reaction of 94, obtained from 
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Scheme 5.33 






(91) 



(92a) 



(92b) 



Scheme 5.34 



thioamide 93 via the corresponding thioisomilnchnone, with molybdenum hexa- 
carbonyl resulted in the isolation of enamide 95 . In contrast, desulfurization using 
metfl-chloroperbenzoic acid (MCPBA) produced the corresponding pyridone system 
(Scheme 5.35). 

It is also worthy to note that the intramolecular [3 + 2] cycloaddition of 
thiocarbonyl ylides occurs easily with nonactivated C=C bonds, whereas the 
corresponding intermolecular process does not occur. 

An intramolecular cycloaddition reaction was also used in the synthesis of the 
annelated tetrahydrothiophene ( 97 ), starting from l,3-oxathiolan-5-one ( 96 ) (131) 
(Scheme 5.36). Thiocarbonyl ylide formation occurred by thermal extrusion of CO 2 
at 250 °C, yielding 97 in 62% yield. 




Scheme 5.35 
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Scheme 5.36 



Reaction with acetylenic dipolarophiles represents an efficient method for the 
preparation of 2,5-dihydrothiophenes. These products can be either isolated or 
directly converted to thiophene derivatives by dehydration procedures. The most 
frequently used dipolarophile is dimethyl acetylenedicarboxylate (DMAD), which 
easily combines with thiocarbonyl ylides generated by the extrusion of nitrogen 
from 2,5-dihydro-l,3,4-thiadiazoles (8,25,28,36,41,92,94,152). Other methods 
involve the desilylation (31,53,129) protocol as well as the reaction with 1,3- 
dithiolium-4-olates and l,3-thiazolium-4-olates (153-158). Cycloaddition of (S)- 
methylides formed by the N 2 -extrusion or desilylation method leads to stable 2,5- 
dihydrothiophenes of type 98 and 99. In contrast, bicyclic cycloadducts of type 100 
usually decompose to give thiophene (101) or pyridine derivatives (102) (Scheme 
5.37). 

Cycloadditions with other symmetrical acetylenes were carried out by using 
thiocarbonyl (5')-methylide (69) (159). Interestingly, no reaction was observed 
when acetylene dicarboxamide was used. The reaction of 69 with cyclooctyne 
resulted in the formation of cycloadduct 103 (Scheme 5.38). Interestingly, the 
spirocyclic 2,5-dihydrothiophenes of type 103 or 104 undergo acid-catalyzed ring 
opening upon treatment with silica gel or trifluoroacetic acid to give thiophenes 105 
and 106, respectively. 

Recently, a new approach to 3,4-disubstituted thiophenes via the 3,4-disilylated 
thiophene 108 was reported (160). The synthesis includes the cycloaddition of la to 
bis(trimethylsilyl)acetylene and subsequent dehydration of cycloadduct 107 with 
DDQ to give 108 (Scheme 5.39). The trimethylsilyl groups can be substituted in a 
stepwise manner to give unsymmetrical 3,4-disubstituted thiophenes (109). 

The reaction of thiocarbonyl ylides with propiolates affords a mixture of 
regioisomeric cycloadducts. Thus, 2,5-dihydrothiophenes obtained from the reac- 
tion of adamantanethione (S)-methylide (52) and methyl propiolate were produced 
in a 1:1 ratio (95). In the case of ylide 69, the ratio was 1:2 in favor of the sterically 
less hindered isomer (160). 

Intramolecular [3 -I- 2] -cycloadditions of thiocarbonyl ylides with nonactivated 
acetylenes have also been described. Most representative examples involved the use 
of mesoionic substrates. The initially formed polycyclic adducts of type 110 
undergo spontaneous elimination of phenyl isocyanate (24,62,151). A typical 
example leading to compound 111 is shown in Scheme 5.40. 

The thermal decomposition of l,3-oxathiolane-5-one (112) produces the fused 
thiophene 113 via a transient thiocarbonyl ylide followed by intramolecular [3 -I- 2] 
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cycloaddition. The initially formed 2,5-dihydrothiophene undergoes spontaneous 
dehydrogenation to give the aromatic thiophene ring present in 113 (Scheme 5.41) 
(131). 



53.2.2. 13-Dithiolanes, 1 3-Oxathiolanes, and 13-Thiazole Derivatives 



Based on a series of kinetic studies, Huisgen et al. (91-93) established that 
thiocarhonyl compounds, especially aromatic thioketones, function as very active 
dipolarophiles (superdipolarophiles) toward thiocarhonyl ylides. In fact, the trap- 
ping reaction of thiocarhonyl ylides with thiocarhonyl compounds represents an 
excellent method for the preparation of 1,3-dithiolanes. 

Aromatic thioketone (S)-methylides react with aromatic and nonenolizable 
aliphatic thioketones to regiospecifically give 1,3-dithiolanes of type 114 and 115 
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[i.e., the sterically less favored products (17,28,54,161)]. On the other hand, a 
mixture of regioisomeric 1,3-dithiolanes (e.g., 115 and 116 ) were obtained when 
adamantanethione (5)-methylide ( 52 ) or 2,2,4,4-tetramethyl-3-thioxocyclobutanone 
(5)-methylide ( 69 ) was generated in the presence of thiobenzophenone 
(36,162,163). 

Finally, ylides 52 and 69 were found to react regioselectively with aliphatic 
thioketones to give the sterically less crowded products of type 117 (36,162,163). 

Other C=S compounds that have proven to be useful for the preparation of 1,3- 
dithiolanes are dithioesters, (161-163) trithiocarbonates, (161) and l,3-thiazole-5- 
(4//)-thiones (164). 




Heterocumulenes containing C=S groups have also been used as dipolarophiles 
for cycloaddition with thiocarbonyl ylides. Thus, the reaction of (5)-methylides 52 
and 69 , with carbondisulfide, not only give 1:1 cycloadducts of type 118 , but also 
produce the corresponding 1:2 adducts 119 (162,163,165). 1,3-Dithiolane imine 
( 120 ) was isolated as the sole product when ylide 52 was generated in the presence 
of phenyl isothiocyanate (163). A study carried out using sulfines (thiocarbonyl 
S-oxides) as trapping agents showed that ylide 69 produces 1,3-dithiolane S-oxides 
121 and 122 (166) in good yield. The only known aliphatic sulfine that undergoes 
an analogous reaction to give product 121 was 1 -oxo-2-thioxoindane S-oxide (167). 
Nonactivated aliphatic sulfines do not undergo cycloaddition. 
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For preparative purposes, the reaction of thiocarbonyl ylides with carbonyl 
compounds can be considered as an alternative method for the synthesis of 1,3- 
oxathiolanes. Aromatic aldehydes, chloral, glyoxalates, mesoxalates, pyruvates as 
well as their 3,3,3-trifluoro analogues are good intercepting reagents for thioketone 
(5)-methylides (36,111,130,163). All of these [3 + 2] cycloadditions occur in a 
regioselective manner to produce products of type 123 and 124 . 




( 123 ) 





The desilylation strategy has been used for the cycloaddition of the parent 
thiocarbonyl ylide la with aldehydes and reactive ketones. The product obtained 
using A-methyl-3-oxoindolinone as the trapping agent corresponds to the spiro- 
cyclic compound 125 (168). Thioketene (5')-methylide ( 127 ) was reported to react 
with aromatic aldehydes and some ketones to furnish 2-methylene- substituted 1,3- 
oxathiolanes ( 128 ) (51) (Scheme 5.42). 

Other examples of functionalized thiocarbonyl ylides that have been generated 
by the desilylation method are those bearing an imino group (49) (see Scheme 5.7). 
These ylides readily undergo [3 + 2] cycloaddition with aromatic aldehydes to 
afford l,3-thioxolane-2-imines of type 24 (X = RiN). The reaction with ketones is 
sluggish, however, and the cycloadducts are obtained in very low yield. 

The only reported reaction using phenylisocyanate as a trapping agent is one that 
involves adamantanethione (S')-methylide (52) as the dipole (163). Although a 1:1 
adduct was isolated, its spectral data did not fully establish the structure of the 
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labile product. Some contradictory results involving the reaction of isocyanates 
with thioisomiinchnones were also published (163). 

Only a few examples of the [3 + 2] cycloaddition of thiocarbonyl ylides with 
C=N compounds have been reported so far. By comparison with aldehydes, imines 
are poor dipolarophiles. For example, A-benzylidene methylamine and adamanta- 
nethione (5')-methylide ( 52 ) produce 1,3-thiazolidine ( 129 ) in only 13% yield (163). 
An alternative and efficient approach to 1,3-thiazolidines involves the [3 + 2] 
cycloaddition of azomethine ylides with thiocarbonyl compounds [cf. (169)]. 




(129) 





(130) 



Ph 

(131) 



Nitrogen-containing heteroaromatic compounds react with (chloromethyl)[(tri- 
methylsilyl)methyl] sulfide in the presence of CsF to afford fused 1,3-thiazolidines 
of type 130 . These compounds are the result of a formal [3 + 2] cycloaddition of the 
parent thiocarbonyl ylide la across the C=N bond (170). In these cases, the 
formation of the five-membered cycloadduct is believed to occur in two steps via an 
intermediate onium ion. 

Reactions of thiocarbonyl ylides with nitriles are scarce. Simple nitriles do not 
undergo bimolecular cycloaddition (171). There is, however, a single example of an 
intramolecular case that was reported by Potts and Dery (24c, 62). By analogy to the 
intramolecular cycloaddition with acetylenic dipolarophiles (Scheme 5.40), the 
primary product derived from the reaction of a thiocarbonyl ylide with a nitrile 
group undergoes a subsequent elimination of phenylisocyanate to give the fused 
1,3-thiazole ( 131 ). 
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5.3.23. Five-Membered Rings with Three Heteroatoms 



The following types of dipolarophiles have been used successfully to synthesize five- 
membered heterocycles containing three heteroatoms by [3 + 2] -cycloaddition of 
thiocarbonyl ylides: azo compounds, nitroso compounds, sulfur dioxide, and A^-sulfiny- 
lamines. As was reported by Huisgen and co-workers (91), azodicarboxylates were 
noted to be superior dipolarophiles in reactions with thiocarbonyl ylides. Differently 
substituted l,3,4-thiadiazolidine-3,4-dicarboxylates of type 132 have been prepared 
using aromatic and aliphatic thioketone (5)-methylides (172). Bicyclic products 
(133) were also obtained using A-phenyl l,2,4-triazoline-3,5-dione (173,174). 

Nitroso compounds are seldom used as dipolarophiles for trapping reactions with 
thiocarbonyl ylides. However, Sheradsky and Itzhak (175) did report one example 
where nitrosobenzene reacts with a thioisomiinchnone to give 134 as the major product. 
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A-Sulfinylamines (R— N=S=0) are known to function as reactive dienophiles and 
dipolarophiles, and some examples of [3 -I- 2] cycloaddition with thiocarbonyl 
ylides have been reported (176). For example, the reaction of thiobenzophenone 
(5)-methylide (16) with both A-phenyl and A-tosylsulfinylamines occurs regiose- 
lectively to give 1,3,4-dithiazolidine 3-oxides (135). In the case of thiocarbonyl 
ylide 69, reaction with A-phenyl sulfinylamine selectively afforded the analogous 
product 136 (R = Ph). However, the corresponding reaction with A-tosyl sulfiny- 
lamine resulted in a mixture of the N,S-adduct (136) (R = Tos) and the 0,S-adduct 
137. Formation of a mixture of products is compatible with a stepwise reaction via a 
zwitterionic intermediate. 



R 



N 4-0 
N-S 





(135) R = Ph, Tos (136) R = Ph, Tos 




(137) 

Tos = tosyl 



( 138 ) 
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Sulfur dioxide reacts with aliphatic thioketone (S)-methylides in a sealed tube at 
100 °C and l,2,4-oxadithiolane-2-oxides (138) are obtained. None of the regioiso- 
meric cycloadduct was formed (177). 

53.2.4. Five-Membered Heterocycles via 1,5-Dipolar Electrocyclization 

The reaction of a thiocarbonyl and a-oxodiazo compound that leads to 1,3- 
oxathioles has been rationalized by a 1,5-dipolar electrocyclization reaction (178). 
It was suggested that an intermediate thiocarbonyl ylide bearing a C=0 function at 
the a-position {extended dipole) was first formed. Due to the low reactivity of a- 
oxodiazo compounds, these reactions were carried out at elevated temperatures or 
in the presence of rhodium acetate as the catalyst. In some cases, catalysis by 
LiC 104 was also reported (77-80). 




O ' ' 

Me Me 

(140) (141) (142) 

Scheme 5.43 



a-Diazoamide (139) (Ri = 1-Bu) was reported to undergo a [3 + 2] cycloaddition 
with 2,2,4,4-tetramethyl-3-thioxocyclobutanone to give the isolable 2,5-dihydro- 
1,3,4-thiadiazole (140) (Scheme 5.43). The latter compound extrudes N 2 at 60 °C 
and a mixture of 1,3-oxathiole (142) and thiirane (141) was obtained. These 
products are the result of a 1,5- and 1,3-dipolar electrocyclization reaction of an 
intermediate acyl-substituted thiocarbonyl ylide (79). A similar interpretation 
nicely explains the formation of 1,3-oxathiole 143 starting from 1,3-thiazole- 
5(4//)-thiones and 139 (Ri = t-Bu) as well as those of 144 and 145 (77,79,80). 




(143) 



(144) 



(145) 
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Scheme 5.44 



Acyl-substituted thiocarbonyl ylides have been suggested to undergo 1,5-dipolar 
cyclization to give 1,3-oxathioles (55,179-183). Convincing evidence for the 
intermediacy of thiocarhonyl ylide 146 involves the formation of structure 147 
starting from either two different pairs of reagents (179,180) (Scheme 5.44). 

Ueno and Okawara (184) were the hrst to explicitly formulate a conjugated 
thiocarbonyl ylide as an intermediate in the reaction of l,3-dithiolane-2-thione with 
4-bromophenacyl bromide. The initially formed thiocarbonyl ylide undergoes 
deprotonation with sodium hydride to give 2-(4-bromophenyl)-l-oxa-4,6,9-trithias- 
piro[4.4]non-2-ene. 1,3-Diacylated thiocarbonyl ylides of type 149 (Scheme 5.45) 
have also been proposed as intermediates in the reaction of 1,3-diphenylpropane- 
1,3-dione with thionyl chloride. This reaction leads to 2,2,4-tribenzoyl-5-phenyl- 




(148) 



(149) 



(150a) 
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Scheme 5.45 
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1.3- oxathiole (181). A similar transformation involving a thallium complex of 1,3- 
diketone with SOCI 2 (185) or with an a-chlorosulfenyl chloride (55) has also been 
reported. In the latter case, the initially formed product 148 is deprotonated on 
treatment with triethylamine. Isomerization of 150a ^ 150b, which occurs already 
at room temperature, undoubtedly involves the intermediacy of ylide 149 (55). 

The reaction of isothiocyanates with a-diazoketones only occurs in the presence 
of a rhodium catalyst [Rh 2 (OAc) 4 )] (81,186). Under these conditions, 1,3-oxathiol- 
2-imines (151) (Scheme 5.46) are formed by a similar pathway. An analogous 
reaction was encountered on treatment of phenyl-dimedonyliodone with phenyl- 
isothiocyanate (182). Another interesting example involves the reaction of diazo- 
diketone 152 with methylisothiocyanate (Scheme 5.46). The main product isolated 
is l,3-oxathiol-2-imine (153), which is also accompanied by some l,3-oxazol-2(l/^)- 
thione (154) and 2-thioxo-l,3-oxazin-4(3//)-one (155) (81). Apparently, the carbe- 
noid intermediate derived from 152 either adds to the sulfur or nitrogen atom of the 
isothiocyanate giving rise to an imino-substituted thiocarbonyl ylide or a thioxo- 
substituted azomethine ylide. 1,5-Dipolar electrocyclization of the former produces 
153, whereas the latter cyclizes to give 154. Compound 155 corresponds to the 
product of a Wolff rearrangement of the intermediate carbene that first gives an acyl 
ketene that is intercepted by methylisothiocyanate in a hetero-Diels-Alder reaction. 

In a similar manner, the reaction of di(tert-butyl)ketene and dimethyl diazoma- 
lonate with Rh 2 (OAc )4 in benzene at 50 °C leads to the formation of 2-alkylidene- 

1.3- oxathiole-4-carboxylate (157) (R = Me) (187) (Scheme 5.47). The reversibility 
of the 1,5-dipolar electrocyclization was demonstrated by the thermal isomerization 
of 157 into allene episulfide 158, which is obtained by heating in carbon 
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Scheme 5.46 
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tetrachloride at 70 °C. The intermediate thiocarbonyl ylide 156 could be intercepted 
with 4-phenyl- 1, 2, 4-triazoline-3,5-dione in a 1,3-dipolar cycloaddition reaction. 
The equilibrium between 1,3-oxathioles and 2-acyl thiiranes that proceeds via an 
acyl- substituted thiocarbonyl ylide intermediate has also been described by other 
groups (55,82,188). 

When diallyl diazomalonate or allyl aryldiazoacetates are used as substrates in 
the rhodium-catalyzed reaction with di(tert-butyl)thioketene, 4-allyl-l,3-oxathiolan-5- 
one derivatives of type 158 are formed (82). After the initial 1,5-dipolar electro- 
cyclization, 157a undergoes a subsequent Claisen rearrangement to give the 
thermodynamically more stable compound 158 (Scheme 5.47). 

The metal-catalyzed formation of 2,3-dihydrothiophene derivatives via a 1,5- 
dipolar electrocyclization has been reported by Hamaguchi et al. (124). For 
example, the Rh 2 (OAc) 4 -catalyzed reaction of vinyldiazo compound 159 
(R = Ph) with xanthione (160) produced the spirocyclic dihydrothiophene 161. In 
contrast, when 159 containing a methyl group (R = Me) was used, thiirane 162 
was the sole product (Scheme 5.48). This result was rationalized by the 
selective formation of an intermediate thiocarbonyl ylide 163 with (Z)- and (£)- 
configuration, respectively. 
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Cyclization of a thiocarbonyl ylide with the C=C-bond of an aromatic ring was 
observed in the reaction of aryl biphenyl-2-yl ketones with di(tosyl)diazomethane 
in the presence of Rh2(OAc)4 (189). In the case where the aryl ring contains a 4- 
methoxy group, benzo[c]thiophene ( 164 ) was the only product formed. In contrast, 
when the aryl ring consists of a 2,4,6-trimethylphenyl group, compounds 165 and 
166 were produced. It would seem that after 1,5-dipolar electrocyclization of the 
intermediate thiocarbonyl ylide occurs, aromatization then takes place by elimina- 
tion of toluenesulfinic acid or methyl toluenesulhnate. 

Another type of cyclization of thiocarbonyl ylides, which ultimately leads to 1,3- 
thiazole derivatives, was observed with pMs/z-pw/Z- substituted dipoles bearing 
amino groups. For example, l,l-dlamino-3,3-dicyanothiocarbonyl ylide 9 under- 
goes a facile cyclization reaction when heated in water resulting in the formation of 
2,4-diamino- l,3-thiazole-5-carbonitrile (19). In an analogous reaction, 1,3-thiazole- 
5-carbonitrile ( 168 ) was formed from the reaction of thiobenzamide and 3,3- 
bis(trifluoromethyl)oxirane-2,2-dicarbonitrile, apparently proceeding via thiocarbo- 
nyl ylide 167 (Scheme 5.49). Fused 1,3-thiazoles ( 171 ) were obtained from the 
reaction of phenyliodonium ylides of cyclic 1,3-diketones (e.g., 169 ) and thioureas 
(72c). In both cases, ring closure occurs by the intramolecular nucleophilic addition 
of the amino functionality at the cyano- and carbonyl groups, respectively. 
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5.3.3. Six-Membered Rings 



Like many other 1,3-dipoles (e.g., nitrile ylides, imines, and oxides) (7), 
thiocarbonyl ylides undergo head-to-head dimerization to give sterically 
crowded 1,4-dithianes. The first reported example involves the formation of 
2,2,3,3-tetraphenyl-l,4-dithiane (18) from thiobenzophenone (5')-methylide (16) 
(17,28) (cf. Scheme 5.3). Other (S)-methylides are known to form analogous 1,4- 
dithianes (e.g., thiofluorenone (S)-methylide yields 172) (17). The (S)-methylides of 
4,4-dimethyl-2-phenyl-l,3-thiazole-5(4/7)-thione (105) and methyl dithiobenzoate 
(60,104) dimerize to give compounds 173 and 174, respectively. 
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In none of these experiments was the formation of the sterically more favored 
head-to-tail dimer observed. Though the mechanism of this dimerization is not 
completely understood, the regiochemistry observed may be related to the biradical 
character of the thiocarbonyl ylide dipole. 

In some reactions with thiocarbonyl ylides, 1,3-thiazine derivatives are formed 
by a series of consecutive reactions. For example, the interception of 3-thioxocy- 
clobutanone (5)-methylide (69) with thiobenzamide results in the formation of the 
bicyclic 1,3-thiazine (176) (100a) (Scheme 5.50). A conceivable intermediate is the 
1,3-adduct 175 as shown in Scheme 5.50. 

Treatment of 4,4-dimethyl-2-phenyl-l,3-thiazole-5(4i7)-thione with ethyl dia- 
zoacetate gives, among other products, ethyl 1,3-thiazine carboxylate (179) (99). 
The formation of 179 has been rationalized by an acid-catalyzed addition of ethyl 
diazoacetate to the thiocarbonyl ylide 177 to first give intermediate 178, which 
undergoes a subsequent ring enlargement reaction via a Tiffeneau-Demjanov 
rearrangement. 



5.3.4. Seven-Membered Rings 



In accordance with theoretical predictions (90), the concerted pathway for 1,3- 
dipolar cycloaddition is replaced by a two-step mechanism when two requirements 
are satished. One of the criteria involves an extremely large difference in the highest 
occupied molecular orbital-lowest unoccupied molecular orbital (HOMO-LUMO) 
energies of the reaction partners. The other factor involves a pronounced steric 
hindrance at one termini of the 1,3-dipole (190). The first case of a stepwise 
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cycloaddition reaction was reported several years ago for thiocarbonyl (S)- 
methylide ( 69 ) and the dimethyl fumarate-dimethyl maleate pair (96a), as well 
as for tetracyanoethene (TCNE) (Scheme 5.51) (96c). In the latter case, the 
zwitterionic intermediate 180 has two competitive reaction routes available. One 
of these involves the reversible formation of ketene imine 181 while the other path 
proceeds by an irreversible ring closure to give the thiolane 182 . This interpretation 
was based on the isolation of products 183 and 184 , which were obtained in 
reactions carried out in tetrahydrofuran (THE), which contained some methanol and 
water (96c, 136). 

Similar results were encountered in the reaction of 69 (generated thermally from 
the corresponding 2, 5-dihydro- 1,3,4-thiadiazole) with benzylidene malonodinitrile 
or a-cyano-substituted cinnamates (97). In these cases, seven-membered lactams or 
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O 

(184) 

Scheme 5.51 



lactim ethers were obtained in 60-70% yield and it was suggested that ketene imine 
185 was a reactive intermediate. 

Cycloaddition reactions were also carried ont using l,2-bis(trifluoromethyl)- 
fumaronitrile (137,138,191,192). Seven-membered cyclic ketene imines ( 186 - 
188 ) could actually be isolated in good yields from the reactions with 69 , 
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di(fert-butyl)thioketone (5')-methylide, and l,l,3,3-tetramethylindane-2-thione (S)- 
methylide, respectively. 





Ar = CeHj; 4-NO2C6H4 
R = CN; C 02 Me 




( 187 ) ( 188 ) ( 189 ) 

R = a: OMe; b: NH-Ph 



The structure of ketene imine 188 was elucidated by means of a single-crystal X- 
ray diffraction analysis. Surprisingly, bond lengths of 133 and 120 pm for the 
cumulated system (C=C=N) hardly deviate from those found in a linear analogue 
(i.e., diphenylketene p-toluylimine) (193). Apparently, the cumulated bond system 
of 188 is not linear but rather is bent to an angle of 163.8°. 

In accordance with expectations, the isolable trifluoromethyl substituted ketene 
imines (186-188) were found to react readily with nucleophilic agents. In the case 
of 186, the reaction with methanol and aniline led to lactim ether 187a and amidine 
187b, respectively (137). 

5.4. CONCLUDING REMARKS 



As a consequence of the pioneering work of both the Kellogg and Huisgen groups, 
thiocarbonyl ylides have become recognized as valuable synthetic intermediates for 
1,3-dipolar cycloaddition chemistry. Although their history dates back to ^ 1920, it 
is only over the past two decades that these dipoles have been studied in some 
detail. A very important mechanistic observation was recently made by Huisgen 
and involves a two-step [3 + 2] -cycloaddition pathway of thiocarbonyl ylides. This 
reaction represents a milestone for the general understanding of 1,3-dipolar 
cycloaddition chemistry. Despite the progress made over the past two decades, 
the importance of thiocarbonyl ylides has not been fully recognized nor utilized for 
organic synthesis. However, the perspective for future use is very attractive. Clearly, 
thiocarbonyl ylides have great potential for the construction of many sulfur- 
containing systems in a sterecontrolled manner. Recent contributions by a host of 
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investigators point out new possible applications of thiocarbonyl ylide cycloaddi- 
tions in the field of organic synthesis. 
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The chemistry of nitrile oxides, in particular their application in organic synthesis, 
has been continuously developed over the past two decades and represents the main 
theme of this chapter. The parent compound, fulminic acid (formonitrile oxide), has 
been known for two centuries, and many derivatives of this dipole have been prepar- 
ed since that time. Several simple and convenient methods for the preparation of 
nitrile oxides have evolved over the years. Dehydrochlorination of hydroximoyl 
chlorides was first introduced by Werner and Buss in 1894 (1). A convenient synthe- 
sis of isoxazoles was reported by Quilico et al. (2-4), and then the discovery of nitrile 
oxide cycloadditions to alkenes was subsequently noted by the same group (5). 

Most important for easy access and preparative use of nitrile oxides is the in situ 
technique, introduced by Huisgen and Mack (6) with hydroximoyl chlorides, and in 
a complementary way, by Mukaiyama and Hoshino (7), where nitroalkanes were 
submitted to dehydration by means of phenyl isocyanate and triethylamine. These 
discoveries were followed by the formularization of the general concept of 1,3- 
dipoles and their cycloadditions by Huisgen and co-workers (8). A second land- 
mark in this arena was the application of orbital symmetry toward 1,3-dipolar 
cycloaddition chemistry (9). Still another important phase in the development of 
this field occurred in fhe late 1960s and 1970s and dealt with the rationalization of 
reactivity and selectivity of these cycloadditions. In particular, notable efforts to 
understand regioselectivity and stereoselectivity from cis/trans olefins (10) were 
successful and helped fo esfablish fhe mechanistic course of the reaction as that of a 
concerted, nonsynchronous cycloaddition (11). In the 1970s, seminal concepts of 
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latent functionality (12) and the use of heterocycles in organic synthesis (13) led to 
a rapid increase in methods for converting nitrile oxide cycloadducts, notably 
isoxazolines, into acyclic structures (14-22). Transformations to aldols (16-18), 
enones (16-19), and y-aminoalcohols (20-23) were added to the standard repertoire 
of the chemist pursuing organic synthesis. Parallel to these findings, and often in 
combination, intramolecular nitrile oxide cycloadditions (INOC) were put to 
practice, first for forming heterocyclic (24), and then carbocyclic structures (25), 
with beautiful and imaginative applications to syntheses of natural products (17,18). 

Structural features of olefin cycloadducts (i.e., isoxazolines) were extended 
when regioselective 4-endo- and 3 '-exo-deprotonations were discovered, with 
the broad range of ensuing reactions of these carbanions that are common 
with electrophiles (19-22, 26-28). Thus, sequences consisting of cycloaddition- 
modification-ring cleavage were utilized to build up complex structures (17, 20-23). 

From the 1980s on, many efforts were directed toward asymmetric induction of 
nitrile oxide cycloadditions to give pure (dia)stereoisomeric isoxazolines, and 
acyclic products derived from them (17,18,20-23). The need to obtain optically 
active cycloaddition products for use in the synthesis of natural products was first 
served by using chiral olefins, relying on 1,2-asymmetric induction, and then with 
optically active aldehydes or nitro compounds for the nitrile oxide part. In the latter 
case, insufficient induction occurs using chiral nitrile oxides, a problem still 
unsolved today. Finally, in the last 5 years, the first cases of successful asymmetric 
catalysis were found (29), which will certainly constitute a major area of study in 
the coming decade. 

This chapter aims to outline the progress in nitrile oxide cycloadditions and 
synthetic uses of the cycloadducts over the past 20 years, updating the earlier 
chapter of Caramella and Griinanger (15) in the first edition of this series. While 
some duplication of the basic principles presented earlier is unavoidable, a liberal 
choice of examples involving important new developments in this field is offered. A 
number of the earlier published reviews are referred to (30-35), including some 
information on physiological activities of various isoxazoles (and benzo deriva- 
tives) (14). Note that a comprehensive and authoritative treatise on nitrile oxide 
cycloadditions leading to the 1,2-oxazole family was published in 1991 by 
Griinanger and Vita-Finzi (30), and represents a continuation of the seminal 
monograph of Grundmann and Griinanger that was put forth earlier in 1971 (10). 

6.1. METHODS FOR THE GENERATION 
OF NITRILE OXIDES 



Nitrile oxides are generally not isolable dipoles but are prepared in situ in the 
presence of a dipolarophile. However, some stable derivatives are known (see 
below). A common source of nitrile oxides (1) are aldehydes (2) (making it very 
convenient to obtain chiral, optically active derivatives) that are converted into the 
respective oximes (5). From these, there is a choice concerning the actual precursor. 
A hydroximoyl halide (4), or a nitroalkane (6) can be used, the latter also being 
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available from primary alkyl halides (3) (36). If left alone, nitrile oxides at high 
temperature (1 10-140 °C) often rearrange to form an isocyanate. This situation has 
been encountered in the case of stable, nondimerizing nitrile oxides (15). Other- 
wise, the nitrile oxide (1) tends to dimerize to produce a furoxan (8) or, under 
special conditions, give rise to isomeric l,2,4-oxadiazole-4-oxides or symmetrical 
1,4,2,5-dioxadiazines (15). In order to avoid this problem, generation of nitrile 
oxides is performed slowly in the presence of an olefin or a dipolarophile such as 9. 
The most common methods used for the preparation of nitrile oxides are the 
dehydrochlorination of hydroximoyl chlorides (Huisgen’s in situ method), the 
oxidation of aldoximes, the dehydration of primary nitroalkanes (Mukaiyama’s 
method) and, less importantly, the thermolysis of furoxans (Fig. 6.1). 

6.1.1. Dehydrohalogenation of Hydroximoyl Chlorides 

Nitrile oxides are normally obtained from oximes in two steps: halogenation of the 
aldoxime (5) to give a hydroximoyl halide (4) and subsequent dehydrohalogenation 

R-CHO R-CH2Hal 

(2) (3) 



R-CX=NOH-« R-CH=NOH 



(4) 



(5) 



R-CH2-NO2 

(6) 




(8) 

Figure 6.1 
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by base. It is also possible to combine both steps in one operation, although 
isolation and use of the pure hydroximoyl halide may have advantages such as 
simpler analysis of reaction progress or better reaction control. Caution: It must be 
underlined here that hydroximoyl halides are strong skin irritants and may cause 
abscess at the area of contact; in some cases very strong reaction with rashes on 
hands or arms may result and operators may develop allergenic reactions prohibit- 
ing continuation of work with these substances (37). 

6. 1.1.1. Halogenation of Oximes 



Hydroximoyl halides ( 4 ) are conveniently prepared by halogenation of the res- 
pective aldoximes (5), for which a number of halogenating agents such as chlorine 
(38), fert-butyl hypochlorite, Al-chlorosuccinimide (NCS) (39), or Al-bromosuccin- 
imide (NBS) (40) have been employed. A plausible mechanistic course involves 
Hal addition and proton loss to give an a-halonitroso compound, often observed 
as a transient blue-green color, as shown for the chloro case (Scheme 6.1). 



HO. 



'N 



Ch 



-HCl 



o- 



cr 



N 



R 



H 

Scheme 6.1 



HO. 

(H+) N 



Since this halogenation represents an electrophilic substitution (of the oxime’s 
methine hydrogen), oximes with an alkenyl, activated aryl, or hetaryl group such as 
p-anisyl or a-furyl do not react cleanly when treated with chlorine or hypochlorite 
(10,20,21,41^4). In the case of /7-anisyl ( 12 ), the problem was overcome (42) by 
employing bleach (45) or NCS (46) [near quantitative (39)], but this did not work 
well with the 2,4- or 3,4-dimethoxy compounds (42). Here, the 5-chloro derivative 
13 was isolated (~60%) (46) in one case, and low yields (~25%) of the 
hydroximoyl chloride were registered with the 3,4-dimethoxy compound (42). 
On occasion, the above aryl group serves as a latent carboxy group (i.e., for 
syntheses of a-amino-y-hydroxy acids) that becomes unmasked by oxidative 
degradation later-on (after cycloaddition-hydride reduction-amino protection 
steps) (20,21,42). a-Furyl derivatives can be obtained in good yield (86%) and 
purity (42) from furfuraldoxime when nitrosyl chloride (47) is used (for in situ 
preparation, with subsequent dehydrohalogenation and cycloaddition). The bleach 
method (45) also worked well for this system (Scheme 6.2). 

A method that avoids the conventional chlorination of aldoximes corresponds to 
the reaction of nitroalkanes or conjugate nitroalkenes with titanium tetrachloride 
(48) (Scheme 6.3). a-Chloro (a), alkyl (a, b, c), aryl (c), a-cyano (d), and a-azido 
(d) hydroximoyl chlorides have been prepared in good yield in this way (48). 
Concerning overall efficiency, however, this would necessitate that the nitro 
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compounds be more readily available as starting materials than the oxime 
precursors, which is rarely the case with nitroalkenes. Tellurium tetrachloride has 
also been used to prepare hydroximoyl chlorides from P-nitroketones (49). The 
reaction of P-nitrostyrenes with Grignard or organolithium reagents was likewise 
reported to afford hydroximoyl chlorides (50-53). This method also provided nitrile 
oxides suitable for subsequent inter- or intramolecular cycloadditions. 

6. 1.1. 2. Dehydrohalogenation for in situ Generation of Nitrile Oxides 



Hydroximoyl halides can be isolated and subjected to dehydrohalogenation by 
slow addition of a base such as triethylamine or pyridine. Heterogeneous reactions 
using potassium hydrogencarbonate (38,54,55), alkali metal fluorides (56,57), or 
basic alumina (58) have also been employed. The heterogeneous medium allows for 
the slow generation of the nitrile oxide, thereby minimizing dimerization. This 
method was successfully used to generate nitrile oxides under high pressure 
conditions (10 kbar) using potassium carbonate as base (59). 

Organometallics such as n-butyllithium or ethylmagnesium bromide have also 
been used for the generation of nitrile oxides, through initial O-metalation of 
hydroximoyl chlorides (60). Also, organotin compounds such as hexabutyldistan- 
nane, combined with sunlamp irradiation, have been employed as dehydrohalo- 
genating agents (61). As a consequence, vinylstannanes may serve both as a 
dehydrochlorinating reagent and dipolarophile (62). Here, the cycloaddition 
occurred preferentially between the nitrile oxide and the tin-free vinylic compound 
to afford isoxazolines in moderate yields (62). 

Several methods are available for the generation of nitrile oxides from hydroxi- 
moyl halides when base-sensitive functional groups are present. For example, the 
thermolysis of hydroximoyl chlorides in refluxing toluene affords nitrile oxides and 
subsequent cycloadducts without the formation of furoxans, allowing for easier 
purification of products (63). Better results were obtained by applying a stream of 
nitrogen, which serves to remove the hydrogen chloride liberated (64). Also, Ag(I) 
salts have served as dehydrohalogenating agent (65). The use of molecular sieves 
was reported to allow the slow formation of nitrile oxides under mild conditions 
(66). Although long reaction times were required, this method usually minimizes 
the formation of furoxans and consequently, the products are obtained in good to 
excellent yield (66). 

6. 1.1. 3. One-Pot Operations for Nitrile Oxide Formation From Oximes 
and Subsequent Cycloaddition 



Halogenation and dehydrohalogenation have been performed as a one-step ope- 
ration from aldoximes using NCS in the presence of base such as pyridine (67), 
NBS and triethylamine (68), or a heterogeneous base such as basic alumina or 
Florisil (69). Solvent-free reaction conditions also proved useful for the preparation 
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of nitrile oxides (70). A mixture of the aldoxime, NCS, alumina, and olefin was 
subjected to microwave irradiation; the reaction gave nitrile oxides that cycloadd to 
olehns or acetylenes, respectively, to produce isoxazolines or isoxazoles in good 
yield (70). 

The most widely used, and often most convenient reagents for such one-pot 
reactions are sodium hypochlorite (45) or hypobromite (16). These reactions are 
performed in the presence of an organic base (generally triethylamine) that 
normally enhances the yield of cycloaddition products (45). This method was 
employed for many intermolecular reactions (71) and also seems especially suited 
for intramolecular ones (72-77) as well as for the solid-phase synthesis (78) of 2- 
isoxazolines. Hypohalite can also be replaced by sodium bromite in combination 
with a catalytic amount of tri-w-butyltin chloride (79). In a related method, O- 
tributylstannyl oximes were treated with fert-butyl hypochlorite to produce nitrile 
oxides that were trapped with alkenes or alkynes to afford the corresponding 
isoxazolines or isoxazoles in moderate to good yield (80). 

Chloramine-T has also been employed, both as a halogenating reagent and base; 
the reaction proceeds in good yield with aromatic as well as with aliphatic 
aldoximes (81). The role of chloramine-T probably involves an initial chlorination 
of the aldoxime to give the hydroximoyl chloride, followed by base-catalyzed 
hydrogen chloride elimination to afford the nitrile oxide (81). 

6.1.2. Dehydration of Nitroalkanes 

The most widely used method for the dehydration of primary nitroalkanes 
involves their treatment with phenyl isocyanate and triethylamine, introduced in 
1960 by Hoshino and Mukaiyama (7). A probable mechanism for the formation of 
the nitrile oxide is shown in Scheme 6.4. This method is known to be very effective 
for the preparation of aliphatic or aromatic nitrile oxides. In some cases, the 
separation of the byproduct A,A'-diphenylurea from the reaction mixture may be 
troublesome. In order to circumvent this problem, 1 ,4-phenylene diisocyanate was 
introduced (82,83). The polymeric urea that is formed as a byproduct is largely 
insoluble in the reaction mixture and can easily be removed. 

Shimizu et al. also used ethyl chloroformate or benzenesulfonyl chloride with 
triethylamine as a dehydrating agent (84). The use of the former usually requires 
heating, in some cases resulting in low yields. In order to avoid this, Hassner and 
co-workers developed a new method that uses 4-dimethylaminopyridine (DMAP) 
instead of triethylamine (85), which they find leads to nitrile oxides under milder 
conditions. When ethyl chloroformate is replaced by di-tert-butyl carbonate, 
substrates containing free amino or hydroxy groups can be employed without prior 
protection, and the reaction leads to the respective N- or O-tert-butoxycarbonyl 
(Boc) protected products (85). Another advantage of the latter procedure is that 
the byproducts are readily separable from the nitrile oxide cycloadducts. This 
procedure also serves to generate unsaturated nitrile oxides that are useful for 
intramolecular reactions (86,87). In a less general version, p-toluene sulfonic acid 
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monohydrate was used as a dehydrating agent, but the high reaction temperatures 
needed (reflux in mesitylene or xylene) preclude the use of nitro compounds with 
thermolabile functional groups (88). 

Other useful dehydrating agents are dimethylaminosulfur trifluoride (DAST), 
methyl Ai-(triethylammoniosulfonyl)carbamate (Burgess salt), acetic anhydride, 
oxalyl chloride, and phosphorous oxychloride, each one in combination with 
triethylamine (89). Dehydration of O-silylated hydroxamic acids using trifluoro- 
me thane sulfonic anhydride and triethylamine under mild conditions also gave 
nitrile oxides, which in the presence of olefins led to the formation of 2- 
isoxazolines in moderate to good yields (90). In view of the less readily available 
starting materials, this method probably will be of limited use. 

The generation of a nitrile oxide bearing a carbamoyl group (i.e., 16) was 
effected by treating 4-nitro-3-isoxazoline-5-one (15) with a mixture of acetonitrile 
and water (Scheme 6.5). Although the mechanism of this reaction is not clear, the 
method allows for the formation of a functionalized nitrile oxide (16) and 
subsequent cycloaddition under mild conditions (91). 

Nitrile oxides can also be generated from the thermolysis of nitro and related 
compounds. Thus, heating 2-nitroalkanoates in tridecane at ^230°C produced 
nitrile oxides, which were trapped in situ with several alkene or alkyne dipolar- 
ophiles to afford 3-alkyl-2-isoxazolines or 3-alkylisoxazoles in moderate yield (92). 
Formonitrile oxide [usually obtained from mercury(II) fulminate (10,15)] has been 
prepared from the thermolysis of ethyl nitroacetate and was added in situ to several 
olefins to give cycloadducts in low to moderate yields (93). A more general 
approach involves the thermolysis of nitrolic acids, producing nitrile oxides under 
neutral conditions at room temperature or in refluxing tetrahydrofuran (THF) (94, 
95). The starting acids are prepared from nitro or bromo precursors by nitrosation. 
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thus limiting the range of tolerable functional groups. This reaction was used for the 
preparation of cycloadducts from several alkenes (including allyl alcohol) using 
alkyl-, alkoxycarbonyl-, or aryl nitrile oxides. The best yields were obtained with 3- 
phenylpropane nitrolic acid (95-97%), while the phenyl and glyoxalate derivatives 
gave only moderate results (40-55%) (94,95). 

6.1.3. Oxidation of Aldoximes 



Oxidation of aldoximes bearing electron-withdrawing groups as a method to 
generate nitrile oxides has been carried out using manganese dioxide (96). The 
reaction can be performed under mild conditions using the (E) or (Z) isomers of 
aldoximes. When lead tetraacetate (15,30) was used, only the latter react (97). The 
lead reagent has also been used for the oxidation of P-stannyl oximes (Scheme 6.6) 
(98). When the oximes have a p-stannyl group oriented away from the iminoyl 
skeleton, nitrile oxides have actually been detected from cyclohexanone oximes. In 
contrast, oximes bearing a primary stannyl group close to the iminoxyl moiety 
appear to react by a cyclization mode not involving a nitrile oxide (98). 

Diammonium hexanitratocerate (IV) (CAN) has also been used as an oxidizing 
agent for aldoximes. This approach is especially useful for the preparation of 
aliphatic 2-oxo-carbonitrile oxides (99). Another useful reagent for the generation 
of nitrile oxides from aldoximes is 1-chlorobenzotriazole (100). Due to its reactivity 
toward both aldoximes and olefins, this reagent can only be used to prepare stable 
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nitrile oxides. However, in a case of intramolecular cycloaddition, isoxazoline 
cycloadducts were obtained in good yield employing 1 -chlorobenzotriazole (100). 

6.1.4. Thermolysis of Furoxans 

In the absence of trapping agents, nitrile oxides normally dimerize to give 
furoxans (1,2,5-oxadiazole 2-oxides) (101). The furoxans have been regarded as 
stable, dead-end side products with regard to cycloaddition. However, it has been 
discovered that nitrile oxides can be regenerated from furoxans by thermolytic 
cycloreversion (101). This cycloreversion appears to be ideal for application 
to nitrile oxide cycloadditions since dimerization is no longer a problem. However, 
there are some shortcomings that detract from the generality of this approach; 
namely, (a) rearrangement of the nitrile oxides to isocyanates at high temperature 
(16), and (b) limited types of functional groups. Three types of reactions are 
found when furoxans are submitted to thermolysis, and these depend on the 3,4- 
substitution pattern (Scheme 6.7): 

1. Cycloreversion into 2 mol of nitrile oxide. 

2. Interconversion into a rearranged nitrile oxide. 

3. Ring cleavage with concomitant fragmentation, giving nitrile oxides. 

Reaction (a) occurs when the R group is alkyl, aryl, or arylsulfonyl (101-103), 
but only strained furoxans and furoxans bearing bulky substituents revert to nitrile 
oxides at moderate temperatures (101b) (Table 6.1). The nitrile oxides thus 
produced were trapped in situ with 1 -hexene to afford the respective 1,3-cycload- 
ducts in high yield (101b). 
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A special case involves the thermal decomposition of 3,4-dinitrofuroxan (104). 
The cycloreversion is already observed at room temperature and the nitroformo- 
nitrile oxide could be trapped with electron-dehcient nitriles. The cycloadditions 
with styrene, phenylacetylene, trani-stilbene, and cyclohexene, however, led to 
complex mixtures of products that could not be separated (104). In the related case 
of a furoxan with an a-hydrogen adjacent to the sulfonyl group, the reaction was 
proposed to proceed according to course (b) (Scheme 6.7). 

Unhindered 3,4-diacylfuroxans prefer ring opening by N— O bond hssion of the 
oxadiazole ring with concomitant migration of an acyl group to give an a- 
(acyloximino)-p-ketonitrile oxide [type (b)] (103) (Scheme 6.8). 

The course of thermolysis of such furoxans also depends on the nature of the 
acyl group. For example, heating the cage-functionalized diacylfuroxan depicted in 



TABLE 6.1. CYCLOADDITIONS TO I -HEXENE USING EUROXANS AS NITRIT E OXIDE 
PRECURSORS" 



\ 

0 

Z+ 

\ 


A 


r + 1 


M 




“O-NEC-R 



C 4 H, 






O-N 

C4H9^'^0^R 



R R 



R 


Temperature (°C) 


Yield of 

Cycloadduct (%) 


Me3SiOMe2C 


165 


97 


(H3C)3 


135 


78 


McsSiO 


135 


90 



See (lOIb). 





6.1. Methods for the Generation of Nitrile Oxides 



373 




Scheme 6.8 
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Scheme 6.9 afforded the corresponding acylnitrile oxide [type (a)], which when 
trapped in situ with ethyl propiolate, produced the substituted isoxazole (105). 

Another mode of cleavage [type (c)] was found when unsymmetrical 3,4- 
disubstituted furoxans were subjected to thermolysis. Thus, 3-methyl-furoxan-4- 
carboxylic acid was found to afford the a-oximinonitrile oxide with concurrent 
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decarboxylation (106). Thermolysis of the related 4-phenylfuroxan-3 -carboxylic 
acid gave the a-oximino-phenylnitrile oxide (Scheme 6.10), which was trapped 
with phenylacetylene to give the expected isoxazole as a {ElZ) mixture (107). 

Similar reactions were found when the carboxyl group was replaced by a 
benzylsulfonyl group (102). Here, besides the nitrile oxide (trapped as usual), the 
benzylidene-sulfene fragment was also formed (Scheme 6.11). 

6.2. CYCLOADDITIONS OF NITRILE OXIDES 

6.2.1. Mechanism and Relative Reactivity of Dipoles and Dipolarophiles 

6.2. 1.1. Mechanistic Studies and Calculations 



In principle, cycloadditions of 1,3-dipoles with dipolarophiles may occur in a 
concerted or stepwise manner (108). On the basis of intensive, meticulous 
experimental work, Huisgen and his group unequivocally established the concerted 
course for this reaction (15,109,1 10). A model was proposed for the transition state, 
whereby the 47i-electron system present in 1,3-dipoles interacts with the Jt-bond of 
the dipolarophile (Scheme 6.12). 

As an alternative. Firestone proposed a stepwise reaction course for the 
cycloaddition involving biradical intermediates (Scheme 6.13). This reaction course 
was based on a number of experimental facts such as small solvent effects as well 
as the formation of byproducts such as oximes (15,109,110). 
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The complete stereoselectivity of the reaction, however, is difficult to reconcile 
with a two-step process. This earlier controversy, however, has long since been 
resolved. For example, when considering results of the cycloaddition of p- 
nitrobenzonitrile oxide with cis- and tranx- 1,2-dideuterioethylene (111), the experi- 
ments clearly established that, within experimental limits of detection, the reaction 
is > 98% stereoselective. If diradical intermediates were operative, significant 
scrambling of configuration should be observed in the products. These and other 
results confirm a concerted mechanism for the 1,3-dipolar cycloaddition reaction (15). 

Several theoretical models have been advanced in recent years to rationalize the 
observed regio- and stereoselectivity of the 1,3-dipolar cycloadditions (112-114). 
Frontier molecular orbital (FMO) theory has had a formidable impact in helping to 
explain the experimental results (115). It should be pointed out that there is a 
tendency in this area to avoid a priori predictions in favor of a posteriori 
explanations (116). In the FMO approach, the energies of the highest occupied 
and lowest unoccupied molecular orbitals (HOMO and LUMO) of the 1,3-dipoles 
and the dipolarophiles are calculated, together with the MO coefficients of the 
reacting centers. Then, orbital energy separation of the interactions [HOMO(l,3- 
dipole)/LUMO(dipolarophile) and LUMO(l,3-dipole)/HOMO(dipolarophile)] are 
compared. When these energy differences exhibit different values, the FMO 
interaction corresponding to the lower value is presumed to play the dominant 
role (109). Regiochemical orientation is then established by the rule of preferential 
facing where both the large and small coefficients of the terminal atoms of the 1,3- 
dipole and dipolarophile are involved. It has to be cautioned, however, that this 
treatment sometimes leads to wrong predictions, in particular when steric or 
electrostatic effects are involved, and further when effects of interactions of other 
high-energy filled orbitals («HOMO or OMO) with other low-energy empty ones 
(nLUMO or UMO) become operative (see Section 6.2.2) (109). For example, for 
cycloadditions to the acetal and thioacetal derivatives of a,P-unsaturated aldehydes, 
the FMO treatment correctly predicts the regiochemical result of the first case, but 
fails for the latter example (117). 

Ab initio calculations have also been used to predict selectivity in such cyclo- 
additions (112,113,118). These studies show that the reactants approach each other 
in a plane with the two new bonds forming at the same time, which appears to be 
concerted although not necessarily synchronous. Only one energetically favored 
transition state was found, and the average lengths of the newly forming bonds are 
scarcely affected by the presence of substituents on the alkene moiety. This result 
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comes from the fact that the two forming bonds have, in general, small opposite 
charges (114). The distances of the developing C— C and C— O bonds also depend 
on the method used for the calculations (114). Thus, the transition state for the 
cycloaddition of nitrile oxides with ethene, propene, butadiene, acrylonitrile, and 
methyl vinyl ether, as derived from ab initio calculations, show that the C— C 
distance is shorter than that of the developing C— O bond (114,119). This asyn- 
chronicity is particularly pronounced in the transition state for the cycloaddition of 
fulminic acid to butadiene and formonitrile oxide to methyl vinyl ether (for 
discussion of some other cases see Section 6.2.2) (114,119). 

Another concept that has recently been introduced is the aromaticity of the 
transition state (1 19). It was suggested that this aromaticity is compatible with a ring 
current circulating within the molecular plane of the five atoms in the transition 
state for cycloaddition (119). According to these calculations, such transition state 
aromaticity does not, however, impact upon the regioselectivity of the cycloaddition 
(119). 



6.2. 1.2. Relative Reactivity of Dipolarophiles and Dipoles 

Huisgen and co-workers (120) evaluated the influence of different olefin sub- 
stituents on the cycloaddition of benzonitrile oxide in diethyl ether. The relative 
reactivity {k^) of ethene was set as 1. These competition studies allowed one to 
assess the relative rate constants of a wide range of alkenes and other dipolarophiles 
(Table 6.2) (15,109). The relative reactivity of several allyl-substituted olefins was also 
determined (121) in conjunction with studies on the diastereoselectivity of these 
cycloadditions (see Section 6.2.3. 1). Examination of the results gathered in Table 
6.2 shows that the reactivity of the dipolarophile is increased by the presence of 
both electron-donating and -withdrawing substituents, and that the effect of 
conjugation appears to be stronger than the inductive one (109). trans- Alkenes 
are more reactive dipolarophiles than the corresponding cis isomer as can be seen 
from the case of fumarate (entry 12), which has kj 70 times higher than the maleate 
ester (entry 13). 1,2-Disubstitution (entry 11) decreases the reactivity more than 
1,1 -disubstitution does (entry 10). With cyclic compounds, it is noteworthy that ring 
strain and conformational effects (yet to be sorted out) strongly affect the reactivity 
of dipolarophiles [i.e., k^ of cyclohexene is about nine times less than that of 
cyclopentene (entries 3,4)]. With allyl ethers and related systems, the change to 
other 0-substituents barely affects the reactivity (entries 17-21). Olefins with one, 
two, and three alkoxy groups at the allylic position were evaluated in the context of 
the stereochemical model (inside alkoxy) proposed by Houk and Jager and their co- 
workers for diastereodifferentiation with a-alkoxyolefins (20,21,122-124). While 
there was a small change on passing from 1-alkene (k^ 0.31) to the ethyl ether (0.32) 
and the acetal (0.23), introduction of a third alkoxy group (as done with an 
orthoester) caused a dramatic decrease (0.0094) in the rate of reaction, correspond- 
ing to a raise of this transition state by ~2.9 kcal/mol (entries 1,18,22,23). With the 
orthoester (case 23), the anti position can no longer avoid electron withdrawal 
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TABLE 6.2. RELATIVE REACTIVITIES (kr) OE ACHIRAL DIPOLAROPHILES" 



Entry Olefin 



1 ^ 




5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 




O 

MeOOC 
MeOOC^ 



MeOOC 

MeOOC 

COOMe 

MeOOC 

H3CO. //° 

H 3 CO 

Me3Si 




kr 

1.0 

0.31 

0.21 

0.025 

1.15 

0.081 

2.1 

0.52 

8.3 

3.6 

0.082 

6.1 

0.082 

1.11 

5.46 

0.64 

0.50 

0.32 

0.38 

0.47 



Reference 

120 

120 

120 

120 

120 

120 

121 

120 

120 

120 

120 

120 

121 

121 

121 

121 

121 

121 

121 
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TABLE 6.2. (continued) 



Entry 



Olefin 



21 


MeOOC^ 




OEt 


22 


EtO^*^ 




OEt 


23 






EtO 


24 


MejSi ^ 


25 


Me3Sn^^ 






26 




27 


= 


28 


a- 


29 


n-C4Hg 


30 


MeOOC- 


31 


MeOOC- 


32 


MeOOC- 






-COOMe 



“Reaction with benzonitrile oxide at 0“C. 



kj Reference 

0.46 121 

0.23 121 



0.0094 121 

0.42 121 

0.94 121 

0.59 121 

0.40 120 

0.112 120 

0.066 120 

1.24 120 

3.1 120 

0.030 120 



from the 7t-bond by CT*,7i-interaction and, consequently, reduced reactivity of the 
olefin toward the mildly electrophilic nitrile oxide dipole occurs (11,15,109). 
Alkynes display lower reactivity (cases 27-32), with the influence of the substi- 
tuents being similar to the ones observed with alkenes. 

The relative rate constants (k^) do not account for the fact that approach of the 
nitrile oxide to the tt-bond can occur from both olelinic diastereofaces with two 
regioisomeric modes of reaction (Scheme 6.14). In the case of achiral 1-alkenes, 
only one regioisomer is formed. With chiral dipolarophiles, preference for one of 
the two is usually found (diastereodifferentiation). The relative diastereofacial 
reactivity (k,;K) is used to evaluate this effect (121). With ethylene, there are four 
possibilities of attack (two for each face corresponding to the different regio- 
isomers), and the k^n of each is set as 0.25. In diastereodifferentiating cycloaddi- 
tions, such as those with “a-chiral” alkenes, the major isomer generally results 
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Scheme 6.14 



from approach to the favored 7t face, which shows higher reactivity due to 
stereoelectronic or steric effects. The values of k^% for several chiral dipolarophiles 
in cycloadditions with benzonitrile oxide are listed in Table 6.3 (121). 

The different reactivity of the two 7t faces observed with chiral allyl ethers has 
been rationalized in terms of the earlier model, with the large group positioned 
anti {inside alkoxy model) (see Section 6.2.3. 1). Increased hindrance by the 
O-substituent’s size and restricted approach/conformational mobility may account 
for the increasing difference of reactivity between the two faces for cases 2, 3, and 4 
(see Section 6.2.3. 1). With the allylic alcohol (easel), the reversed facial preference 



TABLE 6.3. RELATIVE REACTIVITIES (k,) AND RELATIVE DIASTEREOFACIAL RATES 
OE CHIRAL DIPOLAROPHILES" * 



Case I Olefin 



OH 




"Relative rate constants refer to ethylene with A:, = 1, Ar(tt) 0.25. 
* Reactions with benzonitrile oxide at 0°C'^' (cf. Ref. 125). 



kr 


^r(^a) 


Ar(TIb) 


0.41 


0.18 


0.23 


0.14 


0.10 


0.04 


0.51 


0.43 


0.08 


0.68 


0.65 


<0.03 


9.58 


8.91 


0.67 



6.44 2.32/2.32 0.90/0.90 
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was attributed to hydrogen bonding between the hydroxy group and the oxygen of 
the nitrile oxide in the transition state (123). The acryloyl-iron complex (121,125) 
showed particularly high reactivity for one n face and high stereodifferentiation 
(case 5), which was interpreted by a favored transition state in which the metal 
occupies the anti position with optimum a* , ^-interaction (121). The relative 
reactivity of the chiral fumarate (case 6) is close to that of the ethyl ester (entry 
12, Table 6.2), which shows kr{n) of 1.5 for each of the four directions of approach. 
A distinct difference in the reactivity of the two n faces was observed due to the 
presence of the chiral auxiliaries (see Section 6. 2. 3. 2) (121). As far as we are aware 
of, comparable studies on the relative reactivity of nitrile oxides are lacking, as well 
as calculational studies bearing on the relative reactivities of such dipoles and 
dipolarophiles. 

6.2.2. Regioselectivity of Nitrile Oxide Cycloadditions to Olefins 



Cycloaddition of a nitrile oxide to a substituted olefin can lead to two regio- 
isomers, the 4- and/or 5-substituted 2-isoxazoline. Reactions of monosubstituted 
alkenes give the 5-substituted isomers 18 with almost complete regioselectivity 
(10,15,30,109). This result is also supported by ab initio and FMO calculations 
(114,119). Change of substituents in the dipole has little effect on the regioselec- 
tivity of such reactions when monosubstituted alkenes are used (Table 6.4). 



TABLE 6.4. RATIOS OF 4- AND 5-REGIOISOMERS 17 AND 18 IN CYCLOADDITIONS WITH 
METHYL ACRYLATE 



MeO, 



C"^ 

II 

o 



R 



H- HON 






base 



MeO 



O-N 

w 



O-N 



Cl 



O 



(17) 




R 


Yield {%)“ 


17:18'’’‘^ 


Reference 


2,6-Cl2C6H3 


93 


93.3:6.7 


56 


COiEt 


94 


>99:1 


56 


C 6 H 5 


99 


>99:1 


56 


COMe 


97 


>99:1 


56 


Br 


89 


94.9:5.1 


56 


COPh 


76 


>99:H 


65 


2,4,6-Me3C6H2 


99 


94.5:5.5 


66 



^ Yield of isolated products. 

^The ratio was determined by gas chromatography (GC). 

‘^The ratio was determined by nuclear magnetic resonance (NMR). 

^The nitrile oxides were generated using or AgOAc^^ or 4 A molecular sieves ( 66 ). 
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The normal selectivity of some nitrile oxide cycloadditions can be reversed by 
tethering the dipolarophile to P-cyclodextrin (126,127). Preassociation of the 
modified cyclodextrins with aromatic nitrile oxides, in the form of host-guest 
complexes, apparently controls the relative orientations of the dipole and the 
dipolarophile, making it possible to reverse the normal regioselectivity of the 
cycloaddition. For example, the reaction of propenamide (acrylamide) with tert- 
butylphenylnitrile oxide in water afforded only the 5-regioisomer of the corres- 
ponding isoxazoline (126,127). With the propenamide- P-cyclodextrin derivative in 
aqueous solution, it was found that the cycloaddition gave both the 4- and 5- 
substituted isoxazolines in a 70:30 ratio. When the reaction was performed in DMF, 
the product ratio was 20:80, the interpretation being that the extent of host-guest 
complexation was significantly reduced. With benzonitrile oxide, only the 5- 
substituted isoxazoline was found to be formed, both in H 2 O or DMF. The 
conclusion reached was that only nitrile oxides that can form a thermodynamically 
favorable association complex within the cyclodextrin are amenable to such 
changes of regioselectivity in cycloadditions to olefins (126,127). 

Cycloaddition of nitrile oxides to 1,2-disubstituted alkenes may give mixtures 
of two regioisomers (Scheme 6.15); the product ratio (rr) will depend on the sub- 
stituents present on the olefin. 



0-N O-N 




Scheme 6.15 



The reaction of a,P-unsaturated acetals predominantly affords regioisomer 19 
with the acetal group attached to the C(4) position of the isoxazoline (127). With 
the analogous thioacetal, the regioselectivity was reversed (117) (Table 6.5). 

From an FMO analysis, it was found that FOs govern the regiochemical course 
of the cycloaddition with the acetal derivative. This treatment, however, failed to 
predict the major product from the thioacetal derivative (117,128). The authors’ 
interpretation is that the regioselectivity of the cycloaddition is due to a steric 
interaction between the nitrile oxide substituent and the 1,3-dithiolane ring. The 
MNDO calculations indicate that the steric interaction between a 3-phenyl group 
and the dithiolane ring raises the energy of transition state 22, thus favoring 21 
(Scheme 6.16). These calculations fail, however, to correctly predict the regio- 
selectivity of the acetal case, even though the steric bias from the acetal and 
thioacetal groups are similar (117). 

The above example clearly demonstrates the present-day limitations of the 
theoretical methods for predicting regioselectivity. Note that results of most of these 
cycloaddition studies cite product ratios, not actual energy differences (in terms of 
differences of free reaction enthalpies AAG*). Deriving energy differences from 
product ratios {readily done by AAG^ = —2.3 RT log [(isomer l)/(isomer 2)]} 




382 



Nitrile Oxides 



TABLE 6.5. RATIOS OF 4- AND 5-REGIOISOMERS 19 AND 20 IN CYCLOADDITIONS TO 
a,p-UNSATURATED ACETALS AND THIOACETALS" 




r‘ 


R^ 


Yield {%f 


19:20“ (AAGt 


in kcal/mol) 


Acetal 


Thioacetal 


Acetal 


Thioacetal 


Ph 


Me 


39 


32 


68:32 (-0.45) 


17:83 (0.94) 


PhCH2 


Me 


71 


26 


90:10 (-1.30) 


30:70 (0.50) 


p-MeOC6H4 


Me 


41 


45 


65:35 (-0.37) 


19:81 (0.86) 


p-MeOC6H4 


Ph 


62 


43 


85:15 (-1.03) 


27:73 (0.59) 



“See (117). 

* Yield of product mixture. 

“The rr was determined from crude products by high-pressure liquid chromatography (HPLC) (117). 





Scheme 6.16 



often lead to very small differences, which in many cases look tiny when the 
precision and limits of calculations are home in mind. 

Further examples in Table 6.6 show that, depending on the substitution pattern, 
the cycloaddition of nitrile oxides to various a,P-unsaturated compounds can lead 
to different ratios of regioisomeric adducts. 

When acrylamides are used as dipolarophiles, FMO theory predicts that the 4- 
amido isomer should be preferred, which is contrary to the results found with 
tertiary amides (129). Semiempirical, ab initio, and density functional theory (DFT) 
calculations were applied to the regioisomeric transition state structures of 
benzonitrile oxide cycloadditions (129-131). The results suggest that there is an 
unfavorable steric repulsion between the phenyl ring of the nitrile oxide and the 
methyl group of the ester (or amide) functionalities of the dipolarophile in the 
transition state leading to the 4-acyl regioisomer (Scheme 6.17). 
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TABLE 6.6. RATIOS OF 4-ACYL/5-ACYL REGIOISOMERS IN CYCLOADDITIONS TO 
a,p-UNSATURATED CARBONYL COMPOUNDS"’* 



0-N O-N 




X 


4 -CIC 6 H 4 CNO" 


R = Ph 
PhCNO 


MstCNO*' 


4 -CIC 6 H 4 CNO" 


R = Me 
PhCNO 


MstCNO 


H 

OMe 

NH 2 

NEt2 


78:22 (85) 
78:22 (80) 
23:77 (95) 


85:15 (73)" 
80:20 (84)" 
72:28 (52)* 
28:72 (83)" 


57:43 (65)" 
64:36 (93/ 
35:65 (50)* 
12:88 (68)* 


66:34 (65) 
59:41 (65) 
16:84 (86) 


81:19 (78)" 
66:34 (84/ 
56:44 (49)* 
12:88 (61)* 


89:11 (70/ 
73:27 (97/ 
69:31 (42)* 
24:76 (88)* 



" Ratios determined from crude products by NMR except when noted otherwise. 

* Yield of the product mixture is in parentheses. 

"Reference 129. 

Mesityl = Mst. 

"Reference 131. Ratios determined by GC of the corresponding alcohols after NaBH 4 reduction of the 
reaction mixtures. 

^Reference 132. 

* Reference 130. 



These interactions are thought to be partially overcome by the asynchronicity of 
the transition states, with the forming C— O bond being shorter than the C— C bond. 
With bulky amides or esters, these interactions favor the formation of the 5-acyl 
isomer (129,130). With sterically less demanding esters and amides, the interaction 
described above is less important than that between the P-substituent and the phenyl 
ring of the nitrile oxide, thus leading to the 4-acyl regioisomer as the major product 
(129,130). 




Scheme 6.17 
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Scheme 6.18 



Another cycloaddition to an a,P-unsaturated compound involves the reaction of 
nitrile oxides with 3-methoxy- or 3-methylthio- l-phenyl-2-propene- 1-one (Scheme 6.18) 
(133,134). The isoxazoles that are isolated are considered to arise from the 
respective intermediate isoxazolines hy subsequent elimination of methanol or 
methanethiol. The regioselectivity observed was attributed to the presence of 
substituents with strong electron-donating ability, and this was accommodated in 
terms of the FMO theory (133,134). 

Hydrogen bonding between the oxygen atom of the nitrile oxide and a suitable 
hydrogen donor in the dipolarophile may also alter the regiochemical outcome of 
the cycloaddition. Thus, the cycloaddition of benzonitrile oxide to 3-methylcyclo- 
pentene in diethyl ether mainly afforded regioisomer 24 (regioisomeric mixture 
23:24 rr=4:96) (135) (Scheme 6.19). When the methyl is replaced by a hydroxy 
group, the cycloaddition gave regioisomers 23:24 in a 35:65 ratio. The amount of 
regioisomer 23 could be increased to 50% using benzene as solvent, thereby 
suggesting that some intramolecular hydrogen bonding is operating in the transition 
state. Cycloaddition of 3-benzamidocyclopentene with benzonitrile oxide produced 
regioisomers 23:24 in a ratio of 90:10. The predominant formation of 23 supports 
the view that a hydrogen bond from the amide directs the nitrile oxide approach. 

Similar to the effects of hydrogen bonding, directing effects have also been 
encountered with Grignard reagents (136-138). In these cycloadditions, the 
Grignard reagent may play a dual role, one being to act as a base to generate the 
nitrile oxide from the hydroximoyl halide. The other effect being that of a cation 
(Lewis acid) so as to effectively gather the two reactants (nitrile oxide and allylic 
alkoxide) in the complex (Scheme 6.20). 

It was further demonstrated, both by means of experimental (136) and ab initio 
(138) studies, that the use of an allylic alkoxide instead of an alcohol could be 



O-N 0-N 




(23) 



R = Me, OH, NHCOPh 



Scheme 6.19 



R 

(24) 
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Scheme 6.20 



employed to obtain high or complete regioselectivity. This concept was success- 
fully extended to the use of homoallylic alcohols as dipolarophiles, which resulted 
in excellent regioselectivity (136). The results were again explained in terms of 
ab initio calculations (138). Since these reactions also invoke diastereodifferentia- 
tion, this respective study will he discussed in Section 6.2.3. 1. 

The cycloaddition of some nitrile oxides to tra«s-l,2-disuhstituted alkenebor- 
onates afforded the respective isoxazoline-4-boronates with high regioselectivity. 
These products were then used to prepare the 4-hydroxy derivatives (139) comple- 
menting earlier approaches that took advantage of 4-modihcation (140,141) of 
furan cycloaddition products (20,21) (see Section 6.4.4). 

Reactions of nitrile oxides with 1,1-disubstituted alkenes afford products in 
which the oxygen atom of the nitrile oxide gets attached to the most crowded 
carbon atom of the dipolarophile. This high regioselectivity does not seem to 
depend on the type of substituent present on the alkene (142-152). Some of the 
results cannot be satisfactorily interpreted on the basis of FMO theory (149,151). 
Both steric and electrostatic effects often counteract each other and contribute to the 
regioselectivity actually observed. With trisubstituted alkenes, the orientation of 
cycloaddition is apparently dominated hy this phenomenon. The preference is for 
the more substituted carbon atom to end up at the 5-position of the heterocyclic 
product (153,154). However, cases of opposite regiodifferentiation are also found, 
in particular with donor-substituted alkenes (42,155-157) (Scheme 6.21). 



0-N 0-N 

EtO Ph i-BuO Mst 

EtOOC COOEt 

rr >95:5, 22% (157) rr >95:5, 30% (7 kbar) (157) 

Scheme 6.21 



6.2.3. Diastereoselectivity of Nitrile Oxide Cycloadditions 

The origin of diastereoselectivity in 1,3-dipolar cycloadditions has been inten- 
sely studied, and models useful both for rationalization and prediction have been 
put forward (15,109). The most obvious stereochemical consequence of a concerted 
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cycloaddition is that the configuration about the alkene is retained in the product. 
This feature continues to be exploited in stereoselective synthesis. Complex 
problems arise when the alkene (dipolarophile) or the nitrile oxide, or both, carry 
one or more stereocenters on the side chain. For cases like alkenes, which are 
asymmetrically substituted at the allylic position, 1,2-induction occurs. This case is 
easily rationalized when cycloalkenes are used, often leading to high diastereo- 
meric ratios (dr). The results are not easily predicted using acyclic chiral alkenes, 
where induction may vary to a large extent. Many examples of useful 1,2-induction 
have been reported over the past 20 years and have increasingly been exploited in 
organic synthesis. 

When substrates such as “a-chiral” allylic alcohols are used, reactions with 
achiral nitrile oxides are affected both by alkoxide formation and the use of well- 
coordinating cations (136-138). In some cases, hydrogen bonding with the nitrile 
oxide’s oxygen atom can also play an important role (135). 

Another approach that relies on asymmetric induction from the alkene part, uses 
chiral auxiliaries of various types, thereby leading to enantiomerically enriched or 
pure isoxazoline products. The complexity of some of these auxiliaries is high, and 
more economical solutions are desirable since the competition is the resolution of 
racemic cycloadducts with an overall efficiency up to 50% yield. With chiral nitrile 
oxides, the situation is much less satisfactory since asymmetric induction of the 1,4- 
type (with 1-alkenes) is minimal, and hardly better with a 1,3-relationship of 
inducing-forming stereocenters, when 1,2-disubstituted alkenes are employed 
(Scheme 6.22). Upon separation of the two diastereomers, however, another entry 
to pure optically active isoxazolines is available. 



0-N 




Scheme 6.22 



Unlike the impressive progress that has been reported with asymmetric catalysis 
in other additions to alkenes (i.e., the Diels-Alder cycloaddition, epoxidation, 
dihydroxylation, aminohydroxylation, and hydrogenation) so far this is terra inco- 
gnita with nitrile oxide cycloadditions. It is easy to predict that this will become a 
major topic in the years to come. 

6. 2. 3.1. Nitrile Oxide Cycloadditions with Chiral Dipolarophiles 

A large number of nitrile oxide cycloadditions to chiral olefins were reported 
from several groups in the early 1980s (16,18,20). A clear rationale of regioselec- 
tivity was developed only when the traditional view, which focused on ground-state 
conformers, was abandoned and calculational approaches to identify transition 
states and transition state conformations were refined (158,159). Calculations 
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dealing with the case of formonitrile oxide (fulminic acid)-propene clearly showed 
the importance of both pyramidalization of the alkene part, and the preference of a 
pseudo-staggered conformation of the methyl group, with a distinct (^30°) 
distortion from the ground-state conformation having one C— H coplanar to the 
H 2 C=CH moiety (158,159). Cycloaddition to monosubstituted alkenes preferen- 
tially occurs on the face of the alkene that is less sterically shielded in the transition 
state, and the stereoselectivity increases as the size of the R group attached to the 
chiral center is increased (Table 6.7). 

On the basis of these results, Houk et al. (123) proposed a transition state model 
comprising an inside-alkoxy ejfect, in order to account for the stereoselectivities of 
nitrile oxide cycloaddition to a variety of alkenes that contain allylic substitution 
bearing hydroxy, alkoxy, or related units. The chiral allylic ethers preferably 
produce the anti (erythro) product, regardless of the nature of the substituent on 
the allylic oxygen (17,18,20). Allylic alcohols tend to favor the syn (threo) product, 
but with low stereoselectivity. Calculations on the relative energies of different 
transition state conformations indicate that an alkyl substituent at the allylic 
stereocenter prefers the sterically least crowded anti position. The hydroxy group 
slightly favors the outside over the inside position so as to maximize hydrogen 
bonding with the oxygen of the nitrile oxide (Scheme 6.23). Allylic alkoxy and 
siloxy groups tend to prefer the inside position. The preference of the allylic ether 
for the conformation with an inside-alkoxy group was rationalized in terms of 
secondary orbital interactions. When the allylic alkoxy group is aligned anti, the 
CHROR' group becomes electron withdrawing, since the orbital overlaps 

with, and withdraws electron density from the alkene n orbital. With the C— O bond 
placed inside, it is close to the plane of the C=C-framework and overlap of the 
a^co) 7ic=c is minimized (123). Overlap of the electron-donating and 

orbitals with the 7r*(C=C) orbital is maximized, and the transition state with 
the nitrile oxide, which takes on the role of the more electrophilic partner (109,163, 
164a), is stabilized. This effect was used to explain the outcome of cycloadditions 
with chiral allyl ethers derived from 2-hydroxy-3-butenal dithioacetals (165). Here, 
the stereoselectivity was virtually independent of the bulkiness of the oxygen 
protecting group or the nature of the sulfur substituent (Table 6.7). Successful 
application of this concept to other types of stereoselective addition to C=C 
systems are known (164b). 

The stereochemical outcome of the cycloaddition to 3 -butene- 1,2-diol deriva- 
tives, cyclic acetals, or to related alkenes that possess an allylic nitrogen substituent 
such as 4-vinyl-oxazolines or -oxazolidines was also rationalized by this model 
(162) (Table 6.7). In the latter cases, the A-Boc group instead of the a-oxygen 
prefers the inside position (Scheme 6.24). 

The alkoxy-inside model was further adapted in order to rationalize the 
stereoselectivities of nitrile oxide cycloadditions to alkenes that possess other 
allylic substituents. In the reaction of “a-chiral” alkenes (124) or allylic diphe- 
nylphosphane oxides (161) (Table 6.7), it was suggested that the largest group 
(L, diphenylphosphinoyl substituent) was anti, the medium sized group (M, alkyl or 
alkoxy substituent) was on the inside and the smallest group (S, hydrogen) was 
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TABLE 6.7. EXPERIMENTAL RATIOS OE DIASTEREOMERS EOR NITRILE OXIDE 



CYCLOADDITIONS TO CHIRAL ALLYL-SUBSTITUTED ALKENES" 






+ “0-NEC-Ar — ► 


p-N 


O-N 

■<Y^XAr 


X 


T 

X 




k 

X 






anti 


syn 






(erythro) 


(threo) 








anti/syn 


Ar 


R 


X 


(erythro/threo) 


Ph 


Me 


OH 


40:60 


P-O 2 NC 6 H 4 




OMe 


64:36 


Ph 




OCH 2 Ph 


64:36 


Ph 




OTHP 


63:37 


Ph 




OSiMes 


71:29 


Ph 




OSiMc 2 f-Bu 


72:28 


O 2 N C 5 H 4 




OSiMc 2 Ph 


65:35 


Ph 




P( 0 )Ph 2 


78:22* 


O 2 N C 5 H 4 


Et 


Me 


50:50“ 






OSiMc 2 Ph 


80:20 


H 23 C 11 




P(0)Ph2 


78:22* 


P-O 2 NC 6 H 4 


i-Pr 


Me 


65:35“ 






OSiMc 2 Ph 


91:9 


/ 2 -O 2 NC 6 H 4 


f-Bu 


Me 


77:23“ 






OH 


35:65 






OMe 


>95:5 






OSiMc 3 


>95:5 


/ 2 -O 2 NC 6 H 4 


Ph 


OH 


44:56 






OSiMc 3 


69:31 


Ph 


CH(Sf-Bu )2 


OSiMc 2 f-Bu 


92:8“' 




CH(SPh )2 


OCH 2 Ph 


90:10'' 




CH(SPh )2 


OSiMc 2 f-Bu 


91:9'' 




CH(SCH 2 CH 2 CH 2 S) 


OSiMc 2 f-Bu 


91:9'' 


Ph 


CH 2 OAC 


OAc 


53:47 




CH 2 O 




69:31 




CH 20 CMc 20 




85:15 




CH 20 C(CH 2)50 




81:19 




CH 2 OCOO 




82:18 


Ph 


CH 20 CMe 2 BocN 




66:34“ 




CH 20 CPhN 




76:24“’^ 



“Reference 123 except where noted otherwise. 
“^Reference 160. 

“Reference 124. 

* Reference 161. 

“Reference 162. 

^Racemic mixture of alkene. 
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R = H (69:31) R = H (59:41) (79:21) (75:25) (80:20) 

R = HOCH 2 (68:32) R = MejSi (70:30) 




(66:34) (68:32) OR C?0:30) 



Scheme 6.26 



Some additional examples, where the stereochemical outcome of the cycloaddi- 
tion to chiral alkenes has been explained in terms of the Houk-Jager model, should 
also be mentioned. The diastereomer ratio found in the reaction of y-oxy-a,p- 
unsaturated sulfones (166), with Morita-Baylis-Hillman adducts [i.e., a-(a'-hydro- 
xyalkyl)-acrylates (167)] (Scheme 6.27), with dispiroketal-protected 3-butene-l,2- 
diol (168), and with a,P-unsaturated carbonyl sugar and sugar nitroolefin (169) 
derivatives, all agree well with this model. 



R 



COOMe 




PhCNO 
0 °C ^ rt 



Me02C 

R- 



OX 



Yield: 51-98% 
dr (52:48) to (97:3) 



R = Me, n-Pr, i-Pr, Ph 
X = H or Sif-BuMe 2 or Ac 




OX 

(anti) 




Scheme 6.27 



This model of diastereoselectivity, schematized as to show the preferred 
approach toward erythro products, will surely be of use in stereoselective organic 
synthesis (Scheme 6.28) (21,22). 
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"O - N = C - R 



"0-N = C-R 



Scheme 6.28 



Although the free hydroxyl group may affect the sterochemical outcome of the 
nitrile oxide cycloaddition by allowing for hydrogen bonding between the olefinic 
alcohol and nitrile oxide, the stereoselectivity found is normally poor. Hydrogen 
bonding to the oxygen atom of nitrile oxides [in HCNO the partial charge was 
found as —0.214 (170)] was inferred from the cycloaddition with allylic alcohols 
(see above) (170). There is some solvent dependency with cycloalkenols on the syn/ 
anti ratio of products (171,172). A vinyl carbamate cycloadduct was reported to 
take up a second nitrile oxide at the C=N bond with remarkable ease (173). In line 
with this observation, Curran et al. (134,174) found that the use of A-cyclopentenyl 
allylic or homoallylic secondary amides allows for good regio- and stereoselection 
when the N— H bonds are directed toward the alkene (Scheme 6.29). This effect was not 
encountered, however, with cyclohexene structures or in freely rotating acyclic 
systems. 



R 




Hydrogen bonding also accounts for the stereoselectivity found in the cycload- 
dition to 4-substituted 4-hydroxy-2-cyclopentenones (175). The importance of this 
effect is evident by comparing the results from 26 with those of unprotected 25 as 
illustrated in Scheme 6.30. The acetylation of the hydroxy group causes a drop in 
the ratio of diastereoisomers from 85:15 to 57:43 (175). 

A recent breakthrough in this field was made by Kanemasa and co-workers 
(136-138), who outlined a method to overcome the low selectivity of the 
cycloaddition to allylic alcohols by converting the hydroxyl group to a magnesium 
alkoxide. Coordination of both reactants to the metal ion accelerates the cycloaddi- 
tion, affording the isoxazoline product with good to excellent stereoselectivity 
(136). Two transition states were proposed as pathways to the anti (erythro) and syn 
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RO 

Me 



(25) R = H 

(26) R = Ac 



Cl 




(rac) 


87% 


85 


: 15 


(rac) 


74% 


57 


: 43 



Scheme 6.30 



(threo) cycloadducts, respectively. In both cases, the nitrile oxide and the allylic 
alkoxide coordinate to the magnesium ion (Scheme 6.31). The transition state 
leading to the erythro isomer is less favored than the other one due to repulsive 
interactions between the olehnic substituent and the a-substituent R^ placed 
inside (136) (due to convenience, this is shown with the two enantiomers of the 
allylic alkoxide). 



Mg. 




t ( 

\ I 

\ I 

\ I 



L 




1 




threo (syn) erythro (anti) 

Scheme 6.31 

Ah initio calculations also confirm that the use of an allyl magnesium alkoxide in 
place of the alcohol functionality will lead to high or complete stereoselectivity 
(138). When homoallylic alcohols are used, the Kanemasa protocol afforded the 
respective isoxazolines with poor stereoselectivity (~ 55:45) in the case of terminal 
alkenes, but with very high diastereoselectivity (up to 96:4) in the reaction of cis- 
1,2-disubstituted olefins (136). Extension of this concept to the reaction of a-silyl 
allyl alcohols also proved feasible and produced the syn (threo) adducts as nearly 
pure diastereomers (>94:6) (137). Thus, the normal stereoselectivity of the 
cycloaddition to the Morita-Baylis-Hillman adducts (anti > syn, see above) can 
be reversed by prior addition of a Grignard reagent (176,177). Both this reversal 
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and the excellent syn (threo) stereoselectivity are nicely accounted for in terms of 
the transition state model postulated by Kanemasa (176,177). 

The use of other metal cations such as those derived from zinc, lithium, or 
aluminium proved less effective (136). Treatment of allyl alcohol with diethyl zinc 
in the presence of a catalytic amount of diisopropyl (/?,/?)-( + )-tartrate (DIPT) in 
1,4-dioxane, however, afforded the corresponding (5/?)-2-isoxazolines with 
excellent selectivity {er >92:8) (178). Addition of dioxane was necessary in order 
to avoid precipitation of the complex of zinc salts containing the DIPT moiety. 
Without this solvent, lower stereoselectivity was found, probably due to the precipi- 
tation mentioned above, which prevents the favorable catalytic cycle proposed 
(Scheme 6.32) (178). 






1. Et2Zn 

2. (R,R)-DIPT 

3. RC(Cl) = NOH 





p-MeOC 6 H 4 


95% 


er= 92 :8 


P-CIC 6 H 4 


91% 


90:10 


Ph 


87% 


84:16 


(CHjisC 


91% 


93:7 


Me(CH2)6 


62% 


92:8 



6. 2. 3. 2. Cycloaddition of Nitrile Oxides with Achiral Olefins 
Bearing Chiral Auxiliaries 

The use of chiral auxiliaries to induce (or even control) diastereoselectivity in 
the cycloaddition of nitrile oxides with achiral alkenes to give 5-substituted 
isoxazolines has been investigated by a number of groups. With chiral acrylates, 
this led mostly to low or modest diastereoselectivity, which was explained in terms 
of the conformational flexibility of the vinyl-CO linkage of the ester (Scheme 6.33) 
(179). In cycloadditions to chiral acrylates (or acrylamides), both the direction of 
the facial attack of the dipole as well as the conformational preference of the 
rotamers need to be controlled in order to achieve high diastereoselection. Although 
the attack from one sector of space may well be directed or hindered by the 
chiral auxiliary, a low diastereomer ratio would result due to competing attack 
to the respective Ti-faces of both the s-cis and s-trans rotamers of the acrylate or 
amide. 




394 



Nitrile Oxides 




s-cis (C-C) s-trans (C-C) s-cis (C-C) s-trans (C-C) 

s-cis (C-N) s-cis (C-N) 



Xc 





s-cis (C-C) 
s-trans (C-N) 



s-trans (C-C) 
s-trans (C-N) 



Scheme 6.33 



Akiyama et al. (180) overcame this problem by employing cb/ra-inositol 
derivatives as chiral auxiliaries for the acrylic ester, which afforded dipolar 
cycloadducts with a high degree of stereoselectivity (Scheme 6.34). Formation of 
the major products [(55')-isoxazoline-5-esters] was suggested to arise from the s-cis 
conformer of acrylate 27 , the minor product being derived from the s-trans 
conformer 28 . The bulky protective group (in this case fert-butyldiphenylsilyl) 
would effectively shield the Re face of the olefinic double bond and destabilize the 
s-trans conformer 28 . 

Acrylates with other chiral auxiliaries such as 2-bornyl (181,182), or 2- or 3- 
menthyl (183) groups afforded the isoxazoline diastereomers with poor-to-good 
diastereoselectivity. Rotamers about the C— O bonds were not considered in these 
cases. 

A solution to the O— CO— vinyl rotamer problem encountered with esters was 
found by using chiral amines in the form of tertiary acrylamides. In this case, the 
(planar) s-trans rotamers should be strongly disfavored (Scheme 6.33, right part). 
Since the amides supposedly have two low-energy rotamers about the C— N bond, 
this would again produce diastereomeric products if attack by a reagent occurred 
from the same direction (space sector). One such case is encountered in the 
cycloaddition to acrylamide 29 , bearing Oppolzer’s chiral sultam auxiliary. This 
reaction afforded the isoxazoline-5-carboxamide with good selectivity of (^90:10) 
(Scheme 6.35) (179,184). The stereochemical outcome was explained in terms of 
the preferred s-cis conformation for both the N— C and C— C bonds. Of the four 
planar conformations involving the amide and C=C part, only one lacks the 
dipole-dipole or steric interactions that destabilize the others. On the basis of a 
conventional steric rationale, the favored approach should then be from the bottom 
to the Si face, the top face apparently being more congested due to the methyl group 
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R= Me 


71% 


91 


9 


Et 


80% 


90 


10 


t-Bu 


95% 


91 


9 


n-C^Ull 


54% 


90 


10 


Ph 


81% 


95 


5 



Scheme 6.34 



at the bridge (179,184). Since the experimental results show that the dominant 
product results from Re attack, the major approach of the incoming nitrile oxide 
would have occurred from the top face (see Scheme 6.35). Theoretical studies by 
Kim et al. (185) suggest that this diastereofacial selectivity arises mainly from 
Coulomb repulsion between the (pseudo-axial) sultam oxygen and the nitrile oxide 
oxygen atom (Scheme 6.35). This picture was further supported by results with the 
analogous isothiazolidine system which lacks the two sulfone oxygen atoms. Here, 
no stereoselectivity in nitrile oxide cycloadditions was observed (185). 

Curran and co-workers (186-188) also employed acrylamides with chiral 
auxiliaries that are based on Kemp’s triacid. Benzonitrile oxide cycloaddition to 
these derivatives afforded isoxazoline-5-carboxamides with very high selectivity (dr 
up to >95:5), especially using the hii(lactam) 32 shown in Scheme 6.36. The 
selectivity in the last case was explained in terms of a repulsive interaction between 
the oxygen of the ring imide carbonyl group in the hw(lactam) with the incoming 
nitrile oxide. In the other cases, the stereoselectivity was thought to arise from steric 
effects. The inside (bottom) face of the alkene is almost completely blocked by the 
respective arene appendage (188). 

The methyl and benzyl esters of proline were also used as chiral auxiliaries in 
respective acrylamides, but the isoxazoline cycloadducts were obtained with only poor 
to modest stereoselectivity (189,190). The related indoline-2-carboxylic acid deriva- 
tive 33, however, showed excellent ability to direct nitrile oxide attack, favoring one 
rotamer (Scheme 6.37), and thereby leading to 3-phenylisoxazoline-5-carboxamide 
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90 (74%) 
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t-Bu 


95 (73%) 
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Ph 


95 (59%) 


5 


Scheme 6.35 



34 , with good to excellent stereoselectivity (190). Surprisingly, this selectivity 
varied with the nitrile oxide substituent (so far unaccounted for). 

Cycloaddition to 3-acryloyl-2,2-dialkyloxazolidines ( 35 ) proceeded in a highly 
stereoselective manner (Scheme 6.38) (191), but poorly so when 4-benzyl-5,5- 
dimethyl-2-oxazolidlnone ( 36 ) was used as a chiral auxiliary (Scheme 6.39). 




R = 2-phenylethyl 87:13 benzoxazolyl 96:4 95:5 

R = 2-naphthyl >95:5 naphthoxazolyl 9§:2 



Scheme 6.36 
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Scheme 6.37 




R = PhzCH, R* = H, r 2 = Me 


quant 
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87% 


93 


7 
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>99 
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Scheme 6.38 
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Scheme 6.39 



For the latter case, the stereoselectivity could be improved by the addition of 
magnesium bromide (192) (Scheme 6.39). The magnesium ion is thought to fix the 
two carbonyl groups through chelation, thus effecting blockage of the Re face of the 
vinyl group by the benzyl substituent. It was also found that cycloaddition with 
more nucleophilic nitrile oxides led to higher diastereomer ratios. For example, a dr 
of 96:4 was found with benzonitrile oxide, and a value of 73:27 with the 4-nitro 
derivative (192). 

The cycloaddition to Ai,Ai-dimethylacrylamide could also be catalyzed by 
monoclonal antibodies. The cycloadducts were isolated with excellent selectivity 
(er 99:1) (193). Unfortunately, a definitive explanation both for the high regio- and 
stereochemical outcome of this reaction is lacking, and the preparative assets of this 
approach remain to be seen. 

Another approach to obtain pure enantiomers of isoxazolines involves the use of 
chiral acrolein aminals, formed with A,A'-substituted diaminodiphenylethanes 
(194). Thus, with this chiral imidazolidinyl auxiliary in the (l-position, and with 
unsaturated esters serving as the dipolarophile, benzonitrile oxide afforded only one 
regioisomeric cycloadduct with good stereoselectivity (194) (Scheme 6.40). When 
the analogous A,A'-dimethyl auxiliary was chosen, excellent stereoselectivity was 
accompanied by poor regioselectivity (194). 

In a related case, the use of dioxazaborocines as the chiral auxiliary with 
benzonitrile oxide gave dipolar cycloadducts with a poor diastereomeric ratio 
{dr 68:32) (195). Similarly, the cycloaddition of benzonitrile oxide to vinyl ethers 
with a chiral appendage also proceeded with poor stereoselectivity (dr of 65:35) 
(196). 
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COOMe 




Ph Ph 



R = Me 34% (>95:5) 16% (>95:5) 

R = Ph 71% (76:24) 

Scheme 6.40 



6.233. Face Selectivity of Nitrile Oxide Cycloadditions with Chiral 
Cycloalkenes and the Like 

A number of examples involving nitrile oxide cycloadditions to cyclic cis- 
disubstituted olefinic dipolarophiles was presented in the first edition of this 
treatise, notably to cyclobutene, cyclopentene, and to 2,5-dihydrofuran derivatives 
(15). The more recent examples discussed here also show, that the selectivity of the 
cycloaddition to 1,2-cis-disubstituted cyclobutenes depends on the type of sub- 
stituent group present (Table 6.8; Scheme 6.41). The differences found can be 
explained in terms of the nonplanarity (i. e., pyramidalization) of the double bond 
in the transition state (15) and steric effects. In the cycloaddition to cis-3,4-diacetyl- 
(197) and cis-3,4-dichlorocyclobutene (198), the syn-pyramidalization of the 
carbon atoms of the double bond and the more facile anti deformability of the 
olefinic hydrogens have been invoked to rationalize the anti selectivity observed. 

The opposite result was found in the cycloaddition to bicyclo[3.2.0]hept-2-ene 
and bicyclo[4.2.0]oct-2-ene (200). In these cases, the syn-bending of the olefinic 
hydrogens in the ground state and the more stable inward conformation of the 
cyclopentane (199) ring were assumed to be responsible for the observed syn 
selectivity of the cycloaddition. Surprisingly, introduction of an ester group instead 
of a hydrogen did not result in any distinct changes in the stereochemical course of 
the reaction (200). Pyramidalization of the carbon atoms of the double bond was 
assumed to be responsible for the selectivity in the cycloaddition to 3-acyl-2-oxa-3- 
azanorborn-5-ene (201). As expected, steric effects could also overcome factors 
related to ground-state pyramidalization and lead to the normal, expected outcome 
(202). 
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TABLE 6.8. CYCLOADDITIONS TO CYCLOBUTENES 




Ar 


X 


R 


syn/anti 


Reference 


Me 


Cl 


H 


70:30 


198 


Ph 


OAc 


H 


90:10 


197 


Ph 


0-0 


H 


36:64 


202 


Ph 


OCOO 


H 


17:83 


197 


Ph 


(CH2)3 


H 


“0:100” 


200 






COzMe 


“0:100” 




Ph 


(CH2)4 


H 


12:88 


200 






COzMe 


11:89 




Ph 


Me 


COzMe 


55:45 


200 



More remote directing substituents are less effective. For example, the cycload- 
dition to 5-substituted 2-methyleneadamantanes showed poor face selectivity (203). 

6.23.4. Cycloadditions of Chiral Nitrile Oxides to Olefins 



Optically active aldehydes are available in abundance from amino and hydroxy 
acids or from carbohydrates, thereby providing a great variety of optically active 
nitrile oxides via the corresponding oximes. Unfortunately, sufficient 1,4- or 1,3- 
asymmetric induction in cycloaddition to 1-alkenes or 1,2-disubstituted alkenes has 
still not been achieved. This represents an interesting problem that will surely be 
tackled in the years to come. On the other hand, cycloadditions with achiral olehns 
lead to 1:1 mixtures of diastereoisomers, that on separation furnish pure enantio- 
mers with two or more stereocenters. This process is, of course, related to the 
separation of racemic mixtures, also leading to both enantiomers with 50% 
maximum yield for each. There has been a number of applications of this principle 
in synthesis. Chiral nitrile oxides are stereochemically neutral, and consequently 
1,2-induction from achiral alkenes can fully be exploited (see Table 6.10). 

Examples of optically active aldehydes or nitroalkanes that have been used for 
the generation of nitrile oxides (mostly via hydroximoyl chlorides) and subsequent 
cycloadditions to olefins are collected in Table 6.9. 

As mentioned earlier, the cycloaddition of chiral nitrile oxides to achiral alkenes 
generally results in poor stereoselection. The cycloaddition of glyceronitrile oxide 
acetonide and 2-(9-benzyl-glyceronitrile oxide to mono-, 1,1 -di- and 1,2-disubsti- 
tuted olehns have been studied most extensively (18,23,121,207,215,221,225,234). 
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TABLE 6.9. PRECURSORS OF CHIRAL NITRILE OXIDES 

Reference (R*CHO) 

or References 

Entry R*CHO or R*CH2N02 Source (R*CH2N02) (R*CNO) 



OMe 




O 

Ph 




HO O 



mandelic acid 204 204 



mandelic acid 205 205 



(S) : ethyl L-lactate 206 207 



(S) : diethyl L-tartrate 208,209 23,42,59 

(also d) 




(R): D-mannose 210-213 23,59, 

(S) : L-gulonolactone 214-217 




(S)-( + )-3-hydroxy-2- 218 218 

methylpropionic acid 



as above 219 219 




L-serinal 213,220 221 



D-glucose 59,222 23,34,59 
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TABLE 6.9. (continued) 



Entry R*CHO or R*CH2N02 




Reference 

(R*CHO) or References 
Source (R*CH2N02) (R*CNO) 



D-glyceraldehyde 223 223 

acetonide 
(D-mannose) 



OBn 




diethyl L-tartrate 224 221,225 

(also D-series) 




13 




D-sorbitol 228 221 
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TABLE 6.9. (continued) 



Entry R*CHO or R*CH2N02 



Reference 

(R*CHO) or References 
Source (R*CH2N02) (R*CNO) 




17 



OAc 




D-xylose 



232 233 



TABLE 6.10. CYCLOADDITIONS OE CHIRAL NITRILE OXIDES (PRECURSORS SEE 
TABLE 6.9) WITH ACHIRAL ALKENES 



Cycloadduct dr (rr) Yield (%) References 



O-N 




57:43 



R:C02Me 


50:50 


R:CH20H 


50:50 


R:C1CH2 


50:50 


R:H 


R:Ph 


53:47 


R:C1CH2 


50:50 



53:47 



53:47 

(82:18) 



43 


204 


82 


207 


78 




79 




90 


225 


39 + 41 


225 


(syn.anti) 




46 + 46 


225,234 


21 + 20 


225,235 



69 121 



O 
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TABLE 6.10. (continued) 



Cycloadduct 



dr (it) Yield (%) References 




O-N 




O-N 




59:41 





(97:3) 


77 


121 


R:C1CH2 


50:50 


39 + 35 


225,234 


R:Ph 


50:50 


52 


236 


R:MeOOC 


50:50 


80 


216 




50:50 


22 + 20 


234 


cis 


70:30 


33 


236 


trans 


50:50 


62 


236 




56:44 


95 


215 



65:35 


49 


236 


57:43 


73 


214 



O-N 




R:Ph 59:41 

R:C1CH2 50:50 



66 237 

30 + 30 221 
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TABLE 6.10. (continued) 



Cycloadduct 



dr (it) Yield (%) References 




The reactions generally produce a 1 : 1 mixture of diastereomeric isoxazoline adducts 
(Table 6.10), except for a few cases with diastereoselectivity of 70:30 (221). A 
selection of results concerning diastereomer ratios and yields is gathered in 
Table 6.10. 

Cycloadditions to racemic mixtures of chiral alkenes also show that there is 
virtually no induction from the nitrile oxide part, meaning that there is no effect of 
matching-mismatching of the partners in the transition state. In the reaction with 
glyceraldehyde, and threose- and glucose-derived nitrile oxides, only the “usual” 



TABLE 6.11. CYCLOADDITIONS OE CHIRAL NITRILE OXIDES TO CHIRAL ALKENES 



Cycloadduct 



dr Yield (%) Remarks References 
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TABLE 6.11. (continued) 

Cycloadduct dr Yield (%) Remarks References 




same dr as with 
achiral RCNO 
(20, 22, 122) 



Racemic olefin 



215 



218 



225 





>95:5 

(rr>95:5) 



52 5-regioisomer may 121 
have been formed 



>95:5 
(rr 67:33) 



59 

89 minor 5-regioisomer 
also with dr > 95:5 




induction from the alkene was observed (Table 6.11). Of particular value for 
synthesis are cycloadditions to pure enantiomers of alkenes with good diastereo- 
differentiating ability. These reactions afford 3,5- or 3,4,5-substituted isoxazolines 
with high selectivities, and are similar to the reactions observed with achiral nitrile 
oxides. Some characteristic examples are presented in Table 6.11. 
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6.3. REGIO- AND STEREOSELECTIVITY IN 
INTRAMOLECULAR NITRILE OXIDE CYCLOADDITIONS 

6.3.1. Regioselectivity in Intramolecular Nitrile Oxide Cycloadditions 



Intramolecular nitrile oxide cycloadditions were first studied by Garanti and co- 
workers (24) in 1975, employing 0-allyl derivatives of salicylic aldehyde. The first 
example of a carbocycle-forming process was reported in 1977 (25). This process 
(sometimes referred to as INOC) has seen many extensions and applications for the 
synthesis of natural and unnatural products alike, notably by the groups of 
Kozikowski, Curran, Fukumoto, and Shishido (see Section 6.4). 

Many aspects of intramolecular nitrile oxide cycloadditions are similar to those 
of the intermolecular ones. Due to the proximity of the reacting groups, however, 
there are also several items that differ significantly. While HOMO-LUMO inter- 
actions and steric effects direct the intermolecular nitrile oxide cycloaddition to 1- 
alkenes to produce 5-substituted isoxazolines, the intramolecular cases often show a 
different behavior. With most of them, regioselectivity is determined by geometric 
constraints and cycloadditions occur in the exo mode to furnish the annulated 
bicycle (Scheme 6.42). 





exo 



endo 



Scheme 6.42 



Examples with newly formed five- and six-membered rings (cyclopentanes or 
cyclohexanes) abound, but altogether ring sizes of 4-19 have been observed. With 
long connecting tethers, the endo product (bridged bicycle) prevails, as was 
encountered in the intermolecular reaction and the intramolecular version has 
found a number of uses for the synthesis of macrocycles (204,238,246). Although 
there has been only one detailed study dealing with the effect of chain length on 
exo/endo competition and the minimum chain length required for endo cycloaddi- 
tion (238), examination of the results gathered in Table 6.12 shows that the endo 
product is increasingly found when the link between the dipole and the dipolar- 
ophile has nine or more atoms. In contrast to the regioselectivity observed in the 
intermolecular cases, the regiochemical outcome of the intramolecular nitrile oxide 
cycloaddition is insignificantly affected by the substitution pattern of the olefin 
(entries 2-5 and 10-13). Also changes in the alkyl chain did not seem to affect the 
regioselectivity. Similar results were found in the cycloadditions of norbornadiene- 
tethered nitrile oxides (86,87). 
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TABLE 6.12. EFFECT OE CHAIN LENGTH IN INTRAMOLECULAR NITRILE OXIDE-ALKENE 
CYCLOADDITIONS" 



Yield (%) 



Entry Nitro Compound or Oxime 



n + 2* exo endo Reference 



1 



2 

3 

4 

5 



6 



7 




R = R' = H 
R = H; R' = Me 
R = H; R' = Me 
R = Me; R' = Ph 



5 



5 



6 



6 

6 



84 



87 

79 

78 

84 



84 



100 



8 

9 




: CH - (CH2)4 - CH = NOH 


cis 

trans 




62 

70 


10 


OBn 

Ph 




R = H 


7 


60 


11 


'Si 




R = Ph 




65 


12 




R 


R = Me 




70 


13 


\ 


^N02 


R^COiEt 




67 




8 45 



239 



240 



241 



242 

243 



244 



245 



O 



15 




9 


44 




16 




12 


14 


68 


17 


r 


14 


10 


64 


18 


(C^)„-2 ^CH2~N02 


15 




67 


19 




9 




21 


20 


^^=^(CH2)„^N02 


11 




44 


21 




12 




63 


22 




13 




60 
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TABLE 6.12. (continued) 



Entry 


Nitro Compound or Oxime 




ji + 2*’ 


Yield (%) 
exo endo 


Reference 


23 


1 


R= hc = noh 


18 


51 


204 


24 


[ if ^ 
0 


R= CH 2 NO 2 




82 


















Cl 1 












MeO- ^ N . . (CH2 )s 

t 










25 


0 




18 


50 


204 




NO 2 











“Reaction conditions: For (o-nitroalkenyl educts treatment with PhCNO (or the like)/Et3N, benzene (or 
the like), heating; for oximes halogenation with NCS (or the like)/Et3N. Intermediate hydroximoyl 
chlorides usually are not observed. 

*« = Number of chain atoms between the dipole and the dipolarophile; (n + 2 ) : size of the new ring. 



Side reactions that occur with intramolecular cycloaddition, such as linear 
oligomerization or dimerization of the nitrile oxide, are not very common when 
shorter chain lengths (n < 1) are used due to the entropically favored intramole- 
cular process. A rather unusual result in this regard involves the formation of a 
fused cyclooctane instead of the less-strained six-membered ring (also fused) in the 
cycloaddition of the nitrile oxide derived from p-naphthoquinone (Scheme 6.43). 
This result is consistent with the effect of electron-withdrawal in the enedione part, 
leading to increased reactivity (247), and also reflects the known sluggishness of 
cyclohexenes towards nitrile oxides (cf. Section 6.2. 1.2). 




NO2 




Scheme 6.43 

Nagaoka and co-worker (248) sought to apply an intramolecular cycloaddition 
for the synthesis of the taxane A/B rings, starting with the nitro derivative 37 
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Scheme 6.44 



(Scheme 6.44). The reaction gave the oxime derivative 38, however, and the 
expected isoxazoline was not detected, which was attributed to geometric factors 
that only permit a vertical orientation, not the normal in-plane approach of the 
nitrile oxide unit with respect to the double bond of ring A. The preferred 
orientation only allows the cyclization to take place (248). 



6.3.2. Stereoselectivity of Intramolecular Nitrile Oxide Cycloadditions 



The stereoselectivity of intramolecular nitrile oxide cycloadditions has tho- 
roughly been studied by several research groups. Normally, closure to a six- 
membered (annulated) ring proceeds with much higher stereoselectivity than 
that leading to a five- or seven-membered one (249-251). This result was explained 
by the preference of a chair over a boat transition state when forming six-membered 
rings. In the more flexible transition states leading to five- or seven-membered rings, 
the difference in energy between the competing transition state conformations was 
assumed to be much smaller, thereby leading to a mixture of stereoisomers (252). 

The stereochemical outcome of such cycloadditions may be altered by sub- 
stituents attached to the nitrile oxide-olefin linker. Hassner and co-workers 
(75,240,253-255) and Kurth and co-workers (256) examined the influence of a 
stereogenic center a to the dipole in the cycloaddition of alkene-tethered nitrile 
oxides that feature a sulfur or oxygen atom within the connecting chain (Table 
6.13). As expected, the diastereofacial selectivity is increased in the presence of 
fragments with increasing steric demand. Cycloadditions of thioethers show lower 
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selectivity than those of the oxygen analogues (256), which was attributed to an 
increased bond length of the C— S vs C— O single bond, thus offering a less- 
constrained transition state for the thioether case (256). The effect of the oxygen or 
sulfur atom on face selectivity was demonstrated by using a carbon analogue, which 
underwent dipolar cycloaddition with low selectivity (256). The rationale was that 
an allylic heteroatom causes a significant stereoelectronic effect as is known from 
the many intermolecular cases. Cycloadditions leading to 5,6-annulated heterobi- 
cycles (n = 2) demonstrated that the reaction proceeded with complete face 
selectivity in the ether cases. Moreover, the preference for the trans-isomer was 
now reversed in favor of formation of the cis-isomer (Table 6.13). This result was 
explained by a preferred chair-like transition state conformation, placing the 



TABLE 6.13. STEREOSELECTIVITY IN INTRAMOLECULAR CYCLOADDITIONS WITH 
“ol-CHIRAL” nitrile oxides and C-, 0-, OR S-CONTAINING ALKENYL CHAIN 





Y = CHNOH or CH2NO2 



X 


n 


R 


trans/cis^ 


Reference 






Me 


50:50 


254 


s 


1 


Et 


50:50 


254 






;-Pr 


50:50 


254 








55:45 


256 






t-Bu 


67:33 


254 








62:38 


256 






Ph 


60:40 


254 


s 


2 


i-Pr 


22:78 


254 






Ph 


40:60 


254 


0 


1 


Me 


71:29* 


75 






i-Pr 


80:20 


256 






t-Bu 


90:10 


256 






Ph 


90:10 


256 








80:20* 


75 


0 


2 


Me 


only cis* 


269 






;-Pr 


only cis 


256 






Ph 


14:86 


75 








only cis 


256 


c 


1 


Me 


60:40* 


256 



“ Cycloadditions performed with the m-nitroalkene except noted otherwise. 
* Starting from oxime. 
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NO2 




R 



R:Me 

i-Pr 

Ph 



0-N 




79% 

68% 



Scheme 6.45 



substituent at the nitrile oxide carbon in a quasiequatorial position (256). Also, a 
force-field model was employed to account for the observed product ratios (257). 

When the stereogenic center is situated at the allylic position, as in nitroethyl 
ethers derived from 5,6-unsaturated nitro compounds, only the endo-isomer (trans) 
of the hicyclic structure was formed (Scheme 6.45) (256). 

A directing effect of a methyl group at the allylic stereocenter, located between 
the nitrile oxide and the alkene moieties, on the stereochemistry of cycloaddition 
was found with the carbon analogues (Scheme 6.46 and Table 6.14) (18,256). 





exo (Me), endo(R) 
(trans) 




Scheme 6.46 



This difference in the stereochemical outcome was explained by a CH 3 /R 
interaction in the transition state, which favors the endo,exo-disubstituted isomer 
(trans) for the case of the (Z)-olefin (18) (Scheme 6.46). When the (£)-alkene or the 
monosubstituted (terminal) olefin was used, the steric interactions in the two 
transition states differ less and consequently a mixture of isomers resulted (18). 

Intramolecular cycloadditions of substrates possessing several stereocenters, 
such as those obtained from carbohydrate derivatives, have enjoyed some recent 
popularity. The carbohydrate skeleton provides a highly effective means for 
inducing stereoselectivity in intramolecular 1,3-dipolar cycloadditions. Tatsuta 
and co-workers (258) reported on the intramolecular cycloaddition of the u-xylo 
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Products 




R 


trans/cis^ 


Reference 


H 


71:29 


256 


Me (Z) 


only trans 


18 


Me (E) 


75:25 





“cis/trans refers to configuration of cyclopentane part, cis 
corresponding to endo-Me, trans to exo-Me. 



derivative 39 (obtained from o-glucosamine) to give the cyclopentano-isoxazoline 
40 as the sole product. This cycloadduct served as a key intermediate in the total 
synthesis of (— )-allosamizoline 41 (Scheme 6.47, see also Section 6.5.2. 1). This 
strategy was also used for the synthesis of various other aminocyclopentanols 
(72,259-261) and as a key intermediate for calcitrol (262). The stereochemical 
outcome of these and related reactions has been rationalized in terms of the 
preferred chair-like transition model state (73,77,241) as described above. 

Cozzi and co-workers (243,263) studied the influence of the double-bond 
conhguration on the stereochemical course of the intramolecular cycloaddition of 
chiral alkenes, where the stereocenter is located outside the isoxazoline ring 
(Table 6.15). On the basis of experimental results as well as theoretical calculations, 
two models were proposed for the reaction with (Z)- and (£')-alkenes, in accord with 
the model proposed for a-X- substituted alkenes (see Section 6.2.3. 1). 



OH 




OTBS 

TBS = rBuSiMe2 (40) 

Pht = Phthaloyl 

Scheme 6.47 




NMc2 
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TABLE 6.15 




X = C, Y = CHNOH 
X = S, Y = CH 2 NO 2 



R2 R2 




R2 R2 





r‘ 




X 


n 




Diastereomeric Ratio^ 


OBn 


Me 


C 


2 


(Z) 


80:20 










(E) 


60:40 






C 


1 


(Z) 


75:25 










(E) 


58:42 






S 


1 


(Z) 


66:34 










(E) 


66:34 


H2COBn 


OBn 


c 


2 


(Z) 


83:17 










{E) 


77:23 






s 


1 


(Z) 


63:37 










(E) 


63:37 


HjCOCiCHzisO 




c 


2 


(Z) 


86:14 










(E) 


86:14 






c 


1 


(Z) 


81:19 










{E) 


78:22 






s 


1 


(Z) 


95:5 










{E) 


83:17 


i-Pr 


Me 


c 


2 


(Z) 


66:34 










(E) 


66:34 


Me 


i'-Pr 


s 


1 


(Z) 


66:34 










{E) 


66:34 



“With X = C starting from the oxime, (243), with X = S the nitroalkene is used (264). 



With (Z)-alkenes, the most crowded inside position should preferentially be 
occupied by the medium group (OR') and the small group (H), respectively, the 
large group (R) being placed anti (Scheme 6.48). In the case of (£’)-alkenes, 
the results were rationalized in terms of the mjtt/e-alkoxy model. Ab initio and force 
field calculations provide further support for this proposal (265). The transition 
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anti syn 

Scheme 6.48 

states postulated above also account for the results found with intramolecular cyclo- 
additions of chiral olefins bearing a sulfur atom on the carbon chain (264). 

A number of intramolecular cycloadditions of alkene-tethered nitrile oxides, 
where the double bond forms part of a ring, have been used for the synthesis of 
fused carbocyclic structures (18,74,266-271). The cycloadditions afford the cis- 
fused bicyclic products, and this stereochemical outcome does not depend on the 
substituents on the alkene or on the carbon chain. When cyclic olefins were used, 
the configuration of the products found could be rationalized in terms of the 
transition states described in Scheme 6.49 (18,74,266-271). In the transition state 
leading to the cis-fused heterocycle, the dipole is more easily aligned with the 
dipolarophile if the nitrile oxide adds to the face of the cycloolefin in which the 
tethering chain resides. In the trans transition state, considerable nonbonded 
interactions and strain would have to be overcome in order to achieve good parallel 
alignment of the dipole and dipolarophile (74,266). 




Scheme 6.49 
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Scheme 6.50 



When the alkene moiety is attached to a cyclic structure, the stereochemical 
outcome can satisfactorily be explained in terms of the chair and boat transition 
states described above (272,273) (Scheme 6.50). 

The intramolecular cycloaddition of nitrile oxides to substituted furans was 
reported to occur with low stereoselectivity (274). Inserting a stereogenic unit 
within the chain connecting the dipole and dipolarophile did not increase the 
stereoselectivity (274). 

6.4. USES OF INTERMOLECULAR NITRILE 
OXIDE CYCLOADDITIONS 

6.4.1. Uses of Isoxazolines in Syntheses of Natnral Prodncts 
and Related Structnres 

6.4. 1.1. Natural Products Containing an Isoxazoline Group 

There are a few cases where isoxazolines have attracted interest as target 
structures in their own right. Acivicin (AT- 125) 45 is an amino acid possessing a 
3-chloroisoxazoline moiety, that was isolated from fermentation broths of Strepto- 
myces sviceus, and displays significant activity against a number of tumors (275). 
This amino acid has been prepared by the cycloaddition of chloroformonitrile 
oxide, generated in situ from phosgene oxime (dichloroformaldoxime), to the 
phthalimide-protected vinylglycine dipolarophile 42 to produce cycloadducts 43 
and 44 in a ratio of 30:70 in 52% yield (275,276) (Scheme 6.51). After separation, 
deprotection of the 5-(5)-cycloadduct 43 with hydrazine afforded acivicin in 72% 
yield. Another approach involved the cycloaddition of bromoformonitrile oxide, 
generated in situ from dibromoformaldoxime, to the vinylglycine derivative 46, 
leading to a separable 3:2 mixture of the isoxazoline diastereomers 47 and 48 
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Cl 2 C=NOH 


0-N 

NPht 


p-N 

^ HOOC. /A ^ 
+ 

NPht 


NPht 


AgNOj 


(42) 




(43) 


(44) 






15% 


37% 



hydrazine 

72% 



0-N 

NH2 

(45) 

(a) HCl/MeOH 

(b) Jones oxidation 

(c) deprotection 




CI3CC0-NH 



(46) 



Br2C=NOH 



KHCO 3 /H 2 O 

EtOAc 

(2:3) 




CI 3 CCO-NH CI 3 CCO-NH 



(47) 



(48) 



(rac) 



Scheme 6.51 



(Scheme 6.51) (277). The erythro isomer 47 was treated with methanolic HCl 
followed by Jones oxidation and deprotection, to afford acivicin in racemic form. 

Dihydromuscimol (49) is a conformationally restricted analogue of the physio- 
logically important neurotransmitter y-aminobutyric acid (GABA) and has been 
prepared using the cycloaddition of dibromoformaldoxime to A-Boc-allylamine 
followed by N-deprotection with sodium hydroxide (Scheme 6.52) (278). The in- 
dividual enantiomers of dihydromuscimol were obtained by reaction of the 
bromonitrile oxide with (5)-( )-l,2-0-isopropylidene-3-butene-l,2-diol, followed 
by separation of the diastereoisomeric mixture (erythro/threo 76:24), hydrolysis 
of respective isomers, and transformation of the glycol moiety into an amino 
group (279). 

6.4.2. Products from “Aldol” Ring Cleavage of Isoxazoline Intermediates 



A great deal of the interest in isoxazolines stems from their use in the synthesis 
of acyclic compounds (19). The approach to p-hydroxy carbonyl compounds via 
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0-N 0-N 

BocNH 

91% (49) 

Scheme 6.52 



Br2C=NOH 

KHCO 3 , H 2 O 

EtOAc BocNH 



\\ l.NaOH,THF/H 20 

Br 



2. HCl 
68% 



OH 



CrNH, 



isoxazolines by N— O bond cleavage and hydrolysis of the intermediate imine 
represents an alternative strategy to the aldol route (Scheme 6.53) (17,18). The first 
example of this transformation was reported by Torssell and Zeuthen (280) in 1978. 
Soon extensions and many applications, notably from the groups of Curran (17) and 
Kozikowski (18), both at Pittsburgh, followed. Curran (281-283) carried out a 
detailed investigation outlining the optimum conditions for this reduction-hydro- 
lysis sequence. Efforts in this area have been reviewed by both by Kozikowski (18) 
and Curran (17). The examples given below are arranged according to the degree of 
complexity of the cycloaddition partners. 




OH O 




6.4.2. 1. Use of Isoxazoline Intermediates from Achiral Nitrile 

Oxides — Achiral Olefins 



Talaromycin B is a spiro-acetal produced by the fungus Talaromyces stipitatus, 
the toxicity of which may be due to its ability to block outward potassium fluxes. In 
an elegant synthesis, the requisite open-chain polyol with hydroxy groups in the y- 
and y'-positions was assembled from nitrile oxide and olefin building blocks 50 and 
51 , both of which carry a i)is(hydroxyethyl) moiety protected as a cyclohexanone 
acetal (284). Hydrogenolysis of the N— O bond of isoxazoline 52 using Raney 
nickel, followed by treatment with aqueous acid, gave the spiroketal 53 , which was 
further transformed into racemic talaromycin B ( 54 ) (Scheme 6.54) (284). 

This cycloaddition-reduction-hydrolysis sequence was also used in an approach 
to butyrolactones related to ribonolactone (71). These compounds are inducing 
agents of hunger and satiety in mammalians. Here, a subsequent aldol ^ 1,3-diol 
reduction was used, and the required carboxy function was established by oxidation 
of the aromatic ring with ruthenium tetroxide. Cycloaddition of benzonitrile oxide 
to allyl alcohol afforded an enantiomeric mixture of isoxazolines 55 and 56 , which 
were treated with sodium hydride and methyl iodide to achieve separation 
by chromatography on cellulose triacetate (71). 0-Demethylation, followed by 




6.4. Uses of Intermolecular Nitrile Oxides Cycloadditions 



419 




Scheme 6.54 



hydrogenolysis of the isoxazoline ring gave the hydroxy ketones 57 and 58 , which 
were protected to allow for the oxidative degradation of the phenyl ring. Treatment 
with base, and then acid finally gave the corresponding 3-deoxypentonolactones 59 
and 60 (Scheme 6.55) (71). 

In another variation, the intermediate aldol product 64 , with an extra hydroxy 
group in the y-position, was used to construct the furan ring of rosefuran ( 65 ), a 
trace component of rose oil (Scheme 6.56) (285). Here, the reaction of the 
nitropentene derivative 61 with crotyl acetate ( 62 ) afforded the 3,4,5-trisubstituted 
isoxazoline ( 63 ) in moderate yield. Removal of the acetyl group by saponification 
of the cycloadduct, subsequent demasking of the aldol moiety using Mo(CO)6, and 
exposure of the ketodiol ( 64 ) to acid gave the target compound 65 (285). 

With an a',y-ketodiol, cyclization to produce a 3-furanone derivative is feasible, 
as is shown for the synthesis of ascofuranone ( 71 ) and geiparvarin ( 72 ) (Scheme 6.57) 
(286). The precursor for 71 was prepared by the cycloaddition of diene 66 to 
nitroalcohol 67 . In this case, regioselective attack occurred only on the terminal 
double bond. Reductive cleavage-hydrolysis of the isoxazoline adduct 68 with 
Mo(CO) 6 followed by acid-induced cyclization led to the furanone intermediate 
(286). A similar strategy was used for the synthesis of geiparvarin ( 72 ) 
(Scheme 6.58) (286). 

6.4.2.2. Use of Intermediates from Cycloadditions of Achiral 
Nitrile Oxides to Chiral Olefin 



In the synthesis of the compactin lactone precursor 76, an aldol ^ 1,3-diol 
conversion was included in the usual sequence, and the required aldehyde function 
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HO 



HO. 



H 



N 

A 



LNaOCl 



0-N 



2. Mel, NaH 

Ph 3. Chromatography; MeO 
enantiomer separation 




Ph 



(55) 



O-N 




MeO 

(56) 



1. BBrj/CHzCh 

2. H 2 /RaNi/B(OH )3 



OH O 




HO 

(57) 



OH O 




HO 

(58) 



HOH2C 



H 0 H 2 C -„/‘^\^0 



OH 



OH 



(59) 



(60) 



Scheme 6.55 




84% 1. K 2 CO 3 

45% ,, 2. Mo(CO )6 




Scheme 6.56 
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Scheme 6.57 




(72) 

Scheme 6.58 



was introduced from the nitrile oxide component (287). Thus, cycloaddition of 3- 
nitropropanal acetal (73) to dioxolane (74) afforded a 4:1 mixture of isomeric 
isozaxolines. The anti (erythro) isomer was converted to the optically active aldol 
which was then subjected to carbonyl reduction and acid-catalyzed cyclization to 
furnish the protected pyranoside (76), related to compactin lactone (Scheme 6.59) 
(287). 

Nitroacetal 77 was used as the nitrile oxide precursor in a synthesis of 
(-l-)-hepialone (82). Curran’s group carried out a 1,3-dipolar cycloaddition to 
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Scheme 6.59 



OSi(Ph) 2 f-Bu 




OH 

(76) 



acrylamide ( 78 ), derived from Oppolzer’s sultam, and this afforded a 88:12 mixture 
of isoxazolines 79 (184). The chiral auxiliary was removed by reduction with l- 
Selectride, which was followed by carboxyl reduction and coupling of the derived 
mesylate with lithium dimethylcuprate. Raney Ni reduction-hydrolysis of the 5- 
ethylisoxazoline 80 then gave the P-hydroxyketone 81 , which on treatment with 
acid afforded (+)-hepialone 82 (Scheme 6.60) (184). 

The same strategy was applied toward (— )-pestalotin ( 87 ) (Scheme 6.61) (288). 
In this case, the necessary a-hydroxypentyl side chain was introduced from the 5- 
carboxy group by butylmagnesium bromide addition (syn/anti dr 15:85) to the 
derived isoxazoline-5-carbaldehyde. Thus, cycloaddition of acetonitrile oxide ( 83 ) 
to the acrylamide, as described above, gave the 5-amide 84 in virtually quantitative 
yield in a ratio of 94:6. After separation, the major isomer was cleaved with l- 
Selectride, and this was followed by several additional steps, as outlined above, to 
give isoxazoline ( 85 ). This key intermediate was subjected to the hydrogenation- 
hydrolysis sequence using Raney Ni, and then further subjected to hydrochloric 
acid to produce keto ester 86, a key intermediate on the way to (— )-pestalotin 
( 87 ) (288). 

Martin et al. (289) utilized the chiral bicyclic lactone 88 for a total synthesis of 
(+)-phyllanthocin (Scheme 6.62). Cycloaddition of 88 to acetonitrile oxide, 
generated in situ from hydroximoyl chloride ( 89 ), furnished cycloadduct 90 in 
45% yield together with other regio- and stereoisomers. After several steps, methyl 
glycoside ( 91 ) could be obtained. From this, reduction-hydrolysis gave the 
aldol that was subjected to acid-catalyzed spiroacetalization to produce spiroketal 
( 92 ), and eventually (-f)-phyllanthocin ( 93 ) after two additional steps (289). The 
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(93) (92) 

Scheme 6.62 



3-acetyl and hydroxy groups of the aldol product were designed to generate the 
3-furanone ring as seen in (92). 

6.4.2. 3. Use of Intermediates from Cycloadditions of Chiral Nitrile 
Oxides with Achiral Olefins 

Isoxazolines can be transformed into a,p-enones by several methods from the 
initial aldol product. This strategy was applied by Barco et al. (285) toward the 
synthesis of (— )-pyrenophorin ( 98 ), a macrocyclic hij(enone-lactone) with anti- 
fungal properties. The hydroxy group was introduced from the nitrile oxide 
component ( 95 ), while the carboxy function was derived from the acrylate dipo- 
larophile. Thus, cycloaddition of the optically active nitropentyl acetate 94 to 
methyl acrylate 95 afforded isoxazoline 96 as a mixture of optically active 
diastereomers. Reductive hydrolysis using Raney nickel/acetic acid gave p-hydro- 
xyketone ( 97 ), which was subsequently utilized for the synthesis of (— )-pyreno- 
phorin ( 98 ) (Scheme 6.63) (285). 

A dipolar cycloaddition of a steroidal nitrile oxide to trifluoropropene, followed 
by reductive hydrolysis, was used to prepare the trifluoromethyl cholestanone 
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analogue 102. This compound was converted to fluorinated analogues of naturally 
occurring crinosterol and typhasterol (Scheme 6.64) (290). 

(5. 4.2.4. Use of Intermediates from Cycloadditions of Chiral Nitrile 
Oxides to Chiral Olefins 

Cycloaddition using a chiral dipole and dipolarophile, together with the 
generation of a nitrile oxide making use of an O-stannyl oxime, was recently 
utilized in an approach toward the synthesis of amphotericin B (106) (291). Thus, 
the nitrile oxide generated by treating O-stannyl oxime (103) with tert-butyl 
hypochlorite was trapped with dipolarophile 104 to afford the complex cycloadduct 
105 as a 88:12 mixture of diastereomers. Reduction-hydrolysis of the major 
isoxazoline with Mo(CO)6, followed by acid-catalyzed cyclization-acetalization 
using trimethyl orthoacetate, gave the protected C(l)-C(19) fragment of amphoter- 
icin B (106) (291), a polyene-polyol natural product with outstanding antibiotic 
properties (Scheme 6.65). 

6.4.3. Aminoalcohol Ring Cleavage of Nitrile Oxide Cycloadducts; 

Synthesis of Amino Polyols, Amino Sugars, and Amino Acids 

Reduction of the isoxazoline ring can lead to different mixtures of amino 
alcohols depending on the reducing reagent used. Catalytic hydrogenation as well 
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Scheme 6.64 



as metal reduction are assumed to first cleave the N— O bond. For example, in 
alcoholic solution, the acyclic P-hydroxyimine formed from 107 undergoes further 
reduction to afford erythro/threo mixtures of the aminoalcohol 110 with low 
diastereoselectivity (20,21,292) (Scheme 6.66). Reduction of the C=N bond can 
be suppressed in favor of hydrolysis and formation of the aldol product 109 as 
described above. In contrast to this, different results are obtained with LiAlH. 
Under these conditions, the reduction proceeds by initial addition of hydride to the 
C=N bond of the heterocycle and then N— O bond cleavage of the resulting 
isoxazolidine 108 . This sequence leads to y-amino alcohols with good to excellent 
stereoselectivity. The Jager group has systematically studied such reductions and 
has demonstrated that this procedure represents a viable strategy for the stereo- 
controlled assembly of amino sugars, amino acids, amino polyols, and related 
structures (20-23). 

The stereochemical outcome of most reductions using LiAlH 4 can be accounted 
for by the following assumptions: In substrates containing alkyl, phenyl, or related 
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substituents, where reduction is controlled by steric size (i.e., anti-directing) 
(Scheme 6.67), solvated lithium cations [Li+S'n] are coordinated to the electron 
pair of the isoxazoline oxygen atom on both ring faces, but to a different degree. 
Hence, energetically different transition states for hydride transfer from the 
associated aluminate counterion are operative (20-23,27,38). 

In the case of substrates containing OR or related heteroatom functionality, 
additional coordination complexes and transition states are involved. If a hydroxy 
group is present, hydride transfer preferably occurs from the corresponding 
alkoxyaluminate species (i.e., 113 ) (Scheme 6.68). Substituents of this kind tend 
to be syn-directing (20-23,140,141,297). 

Since the stereochemical outcome of L1A1H4 reduction of isoxazolines is predict- 
able according to the parameters described above (140,293), this concept was 
exploited in efficient syntheses of various amino polyols and sugars as represented 
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(109) (110) 

Scheme 6.66 

by formula A in Scheme 6.69. This reductive procedure was also used to prepare 
hydroxy amino acids (20-22, 42, 293a) from isoxazoline precursors B-E. 

The most straightforward approach to the 4-oxygenated isoxazolines (B and C) 
would involve cycloaddition to a suitable enol derivative. All attempts, however, 
failed to reverse (157) the normal regiochemical outcome of this cycloaddition that 
furnished 5-oxygenated derivatives. It proved possible to optimize the cycloaddition 
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of nitrile oxides to furan, a notorously sluggish dipolarophile, in order to secure the 
4-oxygenated isomers of the cis series (20,21,82,157,294). Several furoisoxazolines 
were prepared in this manner, providing highly advanced, yet still versatile amino 
sugar precursors. A highly stereoselective addition of LiAlH to the C=N bond was 
anticipated in view of the steric demands of the bicyclic bowl-shaped system. This 
indeed was the case as reduction of furoisoxazolines with LiAH 4 afforded the 
corresponding aminoalcohols in high yield and with excellent diastereoselection 
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(82,157,294). This strategy was applied to the synthesis of L-(+)-furanomycin, a 
naturally occurring antibiotic (295,296). Cycloaddition of the nitrile oxide gener- 
ated from hydroximoyl acid chloride 114 to 2-methylfuran ( 115 ) afforded cycload- 
duct 116 as the major product. Epoxidation of 116 gave the stable, isolable enol 
ether epoxide 118 with high stereoselectivity. Reductive opening of the epoxide 
ring of 118 led to alcohol 119 , which upon reduction with LiAlH 4 afforded 1,3- 
aminoalcohol 120 . Diol removal by mesylation and sodium naphthalenide reduc- 
tion introduced a double bond present in the 2,5-dihydrofuran derivative 121 . 
Deprotection of the side-chain diol, oxidative cleavage with sodium periodate, and 
further oxidation of the intermediate A-Boc-aminoaldehyde furnished the N- 
protected amino acid 122 . Finally, deprotection using acidic conditions followed 
by ion-exchange chromatography provided natural L-(-|-)-furanomycin 123 
(Scheme 6.70). In a similar manner, the reaction of epoxide 118 with other 
nucleophiles led to a series of analogues (295,296). Furoisoxazolines such as 118 
are further useful compounds for the synthesis of imino polyols, as a highly 
stereoselective hydrogenolysis was found to occur upon subjection to catalytic 
hydrogenation conditions (see Section 6.4.4). 

The furoisoxazoline approach toward the synthesis of amino polyols represents a 
viable solution for the synthesis of two of the four key intermediates (C and D) 
outlined in Scheme 6.69. trans-4-Hydroxyisoxazolines (cf. B) were prepared by 
4-deprotonation followed by carbanion hydroxylation. An early application of this 
strategy resulted in a short, highly stereoselective synthesis of racemic Cig-phyto- 
sphingosine (297), the long-chain base characteristic of plant sphingolipids 
(Scheme 6.71). Thus, cycloaddition of the nitrile oxide dipole derived from the 
2-nitroethanol derivative 124 to 1-hexadecene ( 125 ) produced the isoxazoline 126 
(140,297). This compound was regioselectively deprotonated with lithium diiso- 
propylamide-hexamethylphosphoric triamide and the resulting 4-carbanion was 
quenched with trimethyl borate. The intermediate 4-boronate was oxidatively 
converted to the corresponding alcohol. Subsequent reduction of 4-hydroxy- 
isoxazoline 127 with lithium aluminium hydride proceeded with high selectivity 
(140) and this was followed by removal of the protecting group to produce the 
hydrochloride of phytosphingosine ( 128 ) (ribo isomer) (297). 

A related strategy was used to prepare o-allosamine ( 134 ). Cycloaddition of the 
dipole derived from nitroacetal ( 129 ) to (S')-vinyl dioxolane ( 74 ) afforded a mixture 
of erythro/threo isoxazolines 130:131 (Scheme 6.72). The erythro isoxazoline was 
subjected to hydroxylation as described above, to give 4-hydroxyisoxazoline 132 
with high diastereoselectivity. Fithium aluminium hydride reduction furnished a 
single diastereomer of aminodiol 133 , which could be deprotected to give the 
hydrochloride salt of o-allosamine ( 134 ) (141). 

Precursors of type E (erythro fragment) (Scheme 6.69) were obtained by 
cycloaddition of a nitrile oxide dipole to a-alkoxyalkenes. This strategy was used 
in the syntheses of dl- and o-lividosamine (298) (Scheme 6.73). Lithium aluminum 
hydride reduction of the erythro adduct 130 produced aminoalcohols 135 in a 78:22 
ratio (2,4-erythro/threo) in high yield. The mixture was subjected to HCl hydrolysis 
to give the hexosamine hydrochlorides 136 , which after several steps, produced 
D-lividosamine 137 possessing the o-ribo conhguration (298). 
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6.4.4. Uses of Nitrile Oxide Cycloadditions in the Isoxazoline Route 
Toward Mono- and Bicyclic Imino Acids and Imino Polyols 

Since isoxazoline formation, subsequent modification at the ring or adjacent 
centers and reductive cleavage can be carried out in a highly diastereoselective 
manner, a scheme was devised to synthesize various iminopolyols by this strategy. 
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Scheme 6.73 

Itninopolyols often exhibit interesting physiological properties. Many mono and 
bicyclic representatives are known that contain hve- and/or six-membered rings 
(pyrrolidines, piperidines, pyrrolidizines, indolizidines, quinolizidines) (299-302). 
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Most noteworthy are their glycosidase-inhibiting activities that are displayed by 
1,4-dideoxy-iminopentitols (303), deoxynojirimycin (304), isofagomine (305-308), 
and by indolizidines such as slaframine, swainsonine, or castanospermine (309). 
One of the respective routes devised for the synthesis of these compounds features 
isoxazoline intermediates. This approach furnishes the “central” nitrogen atom, 
together with polyhydroxy-substituted side chains containing a suitable (terminal) 
leaving group to effect C— N cyclization (23,221,225,234,296). Either one or both 
of the two building blocks would be enantiomerically pure, and are derived from 
the chiral pool of optically active aldehydes (or from compounds prepared from 
enantioselective reactions) (Scheme 6.74). A related approach involves nitroaldol 
additions (Henry reaction) (224). 

An early example of this type of transformation was described in 1964 by 
Drehfahl and Horhold (310). These authors prepared racemic 4-hydroxyproline, 
albeit with low diastereoselectivity for the isoxazoline reduction step [Scheme 6.75, 
(1)] (310). Much higher selectivity was achieved using 5-halomethylisoxazolines 
bearing a 3-(l-oxyalkyl) side chain, which was introduced from the nitrile oxide 
portion. The examples presented in Scheme 6.75 outline the synthesis of 4-hydroxy- 
pyrrolidines, which contain a dioxyethyl or trioxypropyl side chain. Both of these 
substrates were converted into the corresponding imino acids of 4-hydroxyproline 
(23,225,234) and 4, 1 '-dihydroxyhomoproline, respectively (23,207,225) (Eq. 2, 3). 
The latter compound is part of an N-Val dipeptide structure, that was mistakenly 
proposed for the antibiotic Tii 1718B (311,312). 

It is worthy to note that four of the eight possible diastereomeric pyrrolidine- 
polyols are accessible by this method. The configuration at C(l)' (nitrile oxide part) 
depends on the enantiomeric aldehyde precursor chosen. The 5-epimers were 
obtained as a separable 1:1 mixture and were derived from the nonselective 
cycloaddition (see Section 6. 2. 3.4). 

Eully hydroxylated 1 ,4-iminopolyols have been obtained using cis-4-oxyisoxa- 
zolines. This synthesis involves nitrile oxide cycloaddition to furan followed by 
various oxidative transformations of the C 2 enol ether portion of the resulting 
furoisoxazoline cycloadducts (21,82,293,294) (see Section 6.4.3). 

1 ,4-lminoheptitols were prepared from cis-4-hydroxy-5-tosyloxymethyl-isoxa- 
zolines. This procedure consisted of an initial bis(hydroxylation) of the dihydro- 
furan moiety present in 146 to give 147, a periodate-mediated chain- shortening 
reaction, boranate reduction, and finally fosylafion (157,225,293,294). The crucial 
step involves the catalytic hydrogenation of 148, which proceeded with high 
stereoselectivity. The sequence of steps supposedly involves (a) N— O cleavage, 
(b) C=N reduction, and (c) cyclization thereby providing novel 1,4-iminoglycitols 
such as 149, which possess an extended side chain (see Scheme 6.76). 

The isoxazoline-furanose intermediate derived from /7fj(hydroxylation) was also 
submitted to direct hydrogenation. The reduction proceeded in a highly diaster- 
eoselective manner at the C=N double bond. In the gluco series starting with 150, 
several deoxynojirimycin analogues with extended side chains at C-5 (carbohydrate 
numbering) such as 151 were obtained by this method (23,313,314). Eurther 
conversion of 151 led to indolizidine polyols (1,4,8-trideoxyimino polyols), which 
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involved a cyclization to afford novel castanospermine analogues such as 152 (see 
Scheme 6.77) (221,314). 

This strategy was further developed so as to prepare the quinolizidine polyol 155 
(315), by separating the racemic furoisoxazoline acetals (21,82,293,294) derived 
from the imidazolidine derivatives, which in turn, were obtained from (15, 25)- 
diphenylethylenediamine (316) (see Scheme 6.78). Aminal hydrolysis led to 
aldehyde 153 , and this was followed by aldehyde reduction and catalytic hydro- 
genation (221,313) to give (-l-)-deoxynojirimycin (natural). Its enantiomer was 
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Scheme 6.78 



obtained from the other diastereomeric furoisoxazoline (315). When the comple- 
mentary hydride reduction sequence of (furo)isoxazolines was used (21,82,293, 
294), deoxy-/r/o-nojirimycins was obtained (315). Combination of furoisoxazoline 
(153) with 7-oxabicyclo[2.2.1]heptane-2-one (154) by means of cross-aldolization 
led to the eventual formation of quinolizidine polyol (155) (317). 

6.5. INTRAMOLECULAR NITRILE OXIDE CYCLOADDITIONS: 
APPLICATIONS IN SYNTHESIS 

6.5.1. Intramolecular Cycloadditions to Polycyclic 
Isoxazolines and Furoxans 

The intramolecular nitrile oxide-alkene cycloaddition sequence has been used 
for the assembly of a great variety of natural products. A target that has received 
special attention is that of taxol (156), undoubtedly due to its unique structural 
features, its potent anticancer activity, and its limited availability from natural 
sources (318,319). In 1984 Kozikowski et al. found that the treatment of nitro 
dienone 158 (obtained from the p-benzoquinone derivative 157) with /7-chlorophe- 
nyl isocyanate under Mukaiyama conditions afforded the unexpected eight-mem- 
bered ring 159, which is related to ring B of taxol (156) (Scheme 6.79). 

In later work, Mioskowski and co-workers (320) used cyclohexenone 160 to 
prepare oxime 161 as part of a twofold nitrile oxide strategy to synthesize the basic 
taxol ring system. Cycloaddition of 161 was effected by means of sodium 
hypochlorite and gave tricyclic isoxazoline 162, which features rings A and C of 
taxol (320) (Scheme 6.79). Nagaoka and co-worker tried to apply a related 
intramolecular cycloaddition toward the synthesis of the taxane A/B ring but this 
approach failed, producing only the oxime derivative (248) (see Scheme 6.44, 
Section 6.3.1). 

Recently, the intramolecular nitrile oxide-alkene cycloaddition sequence was 
used to prepare spiro-hA(isoxazolines), which are considered useful as chiral ligands 
for asymmetric synthesis (321). Reaction of the dibutenyl-dioxime (164) (derived 
from the diester 163) with sodium hypochlorite afforded a mixture of diastereo- 
meric isoxazolines 165-167 in 74% combined yield (Scheme 6.80) (321). It was 
discovered that a catalytic amount of the Cu(II) complex 165-Cu(acac)2, where 
acac = acetylacetonate, signihcantly accelerated the reaction of diisopropylzinc 
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(160) (161) (162) 

Scheme 6.79 



with cyclohexenone producing the Michael adduct product with 49% enantiomeric 
excess (ee) (321). 

As was mentioned earlier, furoxans are often encountered as unwanted bypro- 
ducts in nitrile oxide cycloadditions. There are, however, some efforts to exploit 
this facile C— C forming dimerization for synthesis. In one case, an intramolecular 
/7/j(nitrile oxide) cycloaddition was used for a synthesis of biotin (322a). More 
recently, the intramolecular dimerization was employed for the construction of 
medium- and large-size rings. This was feasible if one of the two nitrile oxide 
functionalities was relatively hindered and stable (see Section 6.1.4). Unsymmetrical 
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Scheme 6.80a 



bicyclic furoxans could also be obtained in remarkably good yield (89,322b). 
Examples of 8-membered ring formation, as well as examples leading to 19- 
membered rings were given (322b) (Scheme 6.80a). 



6.5.2. Intramolecular Cycloadditions with Ensuing Ring Cleavage of 
Intermediate Isoxazolines 



In the great majoritiy of applications that use the intramolecular nitrile oxide- 
alkene cycloaddition, the intention is to prepare intermediates for the synthesis of 
natural products or related compounds. The most popular transformations of these 
isoxazolines are the following ring cleavage modes: 

1. P-Hydroxyketones (or a,P-unsaturated ketones), aldol route. 

2. P-Aminoalcohols. 

3. Isoxazolinium salts, with ensuing reduction and N— O cleavage. 

4. Other eliminations by base or zinc-mediated fragmentation (19,20-22,26, 
292). 
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In this section, the different examples selected are classified according to these 
types and are arranged with increasing order of complexity of the isoxazoline or 
final product. 

6. 5.2.1. Isoxazoline Ring Cleavage Reactions of the “Aldol” 

Type (Reduction-Hydrolysis) 

Isoxazollnes with an Annulated Five-Membered Ring 

Kozikowski and Stein (281) used the INOC strategy to prepare the 2-methyle- 
necyclopentanone derivative 172, which in turn was converted to sarkomycin (173), 
an antitumor agent (Scheme 6.81). The key step involved the treatment of 
nitroalkene 169 (obtained from bromide 168) with p-chlorophenyl isocyanate- 
triethylamine, which furnished a single diastereomeric isoxazoline 170 in 55% 
yield. This compound was transformed to the aldol product 171 by Raney nickel 
hydrogenation using wet acetic or boric acid, followed by dehydration to the a,(3- 
enone 172 (281), a precursor of 173. 

A variation of this route was applied to the preparation of a-methylenecyclo- 
pentane 179, an intermediate that was employed for the synthesis of prostaglandin 
PGp 2 a (180) (Scheme 6.82). The acetonide-protected oxime-diol 175 [derived from 
propanal (174)] was treated with sodium hypochlorite without the addition of base. 
This led to the tricyclic adduct 176 with high stereoselectivity. One of the side 
chains was subsequently elaborated and the fully protected cyclopentano-isoxazo- 
line (177), when exposed to Raney Ni/boron trichloride, gave the 2-hydroxymethyl- 
cyclopentanone (178). This compound was dehydrated using mesyl chloride/ 
pyridine to furnish enone (179) (324). In another related synthesis of PGF 2 a the 
p-side-chain (3-hydroxyoctenyl) was introduced prior to the cycloaddition (325). 




(171) (172) (173) 



Scheme 6.81 
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Scheme 6.82 



The intramolecular cycloaddition of substrates containing several functional 
groups and stereocenters such as carbohydrate derivatives can be used to prepare 
complex cyclopentane products that are useful for the synthesis of natural products. 
For example, (— )-allosamizoline ( 41 ) [the aglycon of the pseudo-trisaccharide 
allosamidin ( 184 ), a strong chitinase inhibitor] was prepared using an intramole- 
cular cycloaddition of D-xyZo-hexenononitrile oxide 39 (258) (Scheme 6.83). The 
aldehyde precursor 181 was obtained from o-glucosamine. The resulting cyclo- 
pentano-isoxazoline 40 was subjected to reductive cleavage/hydrolysis to afford p- 
hydroxyketone 182 . Subsequent carbonyl reduction gave diol 183 , from which (— )- 
allosamizoline ( 41 ) was elaborated (258). 

In a closely related case, o-glucose was used as the precursor for D-xylo-5- 
hexenose 185 , which in turn, was used in the synthesis of trehazolin ( 189 ), a strong 
inhibitor of trehalose (325) (Scheme 6.84). Thus, treatment of oxime 186 (derived 
from 185 ) with sodium hypochlorite gave cycloadduct 187 in good yield. Reductive 
cleavage of the N— O bond of 187 followed by hydrolysis of the intermediate imine 
group led to the spontaneous elimination of the benzoyloxy group producing 
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cyclopentenone 188 . After a number of additional steps, the target compound 
trehazolin ( 189 ) was reached (325). 

Intramolecular cycloadditions of alkenyl-substituted nitrile oxides produce 
bicyclic isoxazolines. When monocyclic olehns are used, tricyclic structures are 
obtained. This approach was pioneered by both Kozikowski’s and Curran’s groups. 
A typical case involves the cycloaddition of nitro compound 191 [mixture of 
diastereomers derived from pentenose pyranoside 190 ], which produced a diaster- 
eomeric mixture of isoxazolines that contain cis-fused rings (i.e., 192 ) in near 
quantitative yield (326) (Scheme 6.85). Further elaboration of this mixture led to 
epoxycyclopentano-isoxazoline 193 , which was then converted to the aldol product 
in the usual manner. The hydrogenation proceeded well only when rhodium on 
alumina was used as the catalyst, giving the required () -hydroxy ketone 194 . This 
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Scheme 6.84 



compound was then converted to (— )-specionin ( 195 ), a potent antifeedant of a 
common pest in North American forests (326). 

A related sequence was used by Kozikowski and Park (74) to prepare the ring 
skeleton of streptazolin ( 200 ), a compound that exhibits antibacterial and antifungal 
effects. In this approach, the tricyclic isoxazoline intermediate 198 was formed in 
the key cycloaddition step (Scheme 6.86). Thus, the reaction of oxime 197 
(obtained from 4-piperidone) with sodium hypochlorite-triethylamine afforded 
tricyclic isoxazoline 198 in very good yield. This cycloadduct was converted to 
p -hydroxy ketone 199 by reduction/hydrolysis using Raney Ni in the presence of 
acetic acid. Racemic streptazolin ( 200 ) was obtained from 199 in several additional 
steps (74). 

An intramolecular nitrile oxide cycloaddition also served as the key step in the 
stereoselective assemblage of the skeleton of angular triquinane sesquiterpenes of 
the isocomene series. Tetracyclic isoxazoline 203 was obtained from oxime 202 
[derived from tetrahydroindandione 201 ] and on treatment with sodium hypochlorite 
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gave 203 in excellent yield (96%) as a 2:1 diastereomeric mixture (Scheme 6.87). 
The mixture was subjected to Raney Ni-trimethyl borate reduction and, after 
hydrolysis, gave (3 -hydroxy ketones 204 and 205 . a-Ketone 204 was then carried on 
to methylene-triquinane 206 , which possesses all the carbon atoms present in 
isocomene ( 207 ) and 1 -hydro xyisocomene ( 208 ) (327). 

Isoxazoline Intermediates with an Annulated Six-Membered Ring 

Intramolecular nitrile oxide-alkene cycloadditlons also provide efficient access 
to six-membered rings such as cyclohexanes or decalins that are heavily adorned 
with functional groups and side chains. For example, this strategy was used to 
prepare racemic hernaldulcin ( 213 ), which is a 3,6-disubstituted cyclohexenone 
found in a Mexican plant that possesses a strong sweet taste. Starting from (2Z,6E)- 
farnesal ( 209 ) (328) (Scheme 6.88), the aldehyde was treated with hydroxylamine 
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in pyridine to give a mixture of the unsaturated oximes 210 . Treatment of 210 with 
aqueous sodium hypochlorite-triethylamine led to the formation of bicycle 211. 
The usual catalytic hydrogenation sequence using Raney Ni afforded racemic 
dihydrohernalducin ( 212 ), which could be converted into 213 in four additional 
steps (328). 

In a similar approach, Shishido et al. (241) used oxime 215 [derived from the 
monoterpene (+)-citronellal ( 214 )] for the synthesis of (— )-mintlactone ( 218 ) and 
(+)-isomintlactone ( 219 ), sweet compounds isolated from some Mentha species 
(Scheme 6.89). Bicyclic isoxazoline 216 was obtained in good yield from the 
cycloaddition. As expected, the product possessing franx- 1,4- substitution prevailed. 
Reductive hydrolysis of the major isomer of 216 using hydrogen-Raney Ni- 
trimethyl borate provided P-hydroxyketone 217 . This compound was dehydrated 
to give an enone and this was followed by carbonyl reduction-lactonization to 
complete the synthesis of both lactones 218 and 219 (241). 

Intramolecular cycloaddition of the nitrile oxide intermediate generated from the 
unsaturated oxime 221 was used for an eventual synthesis of la,2p,25-trihydroxy- 
vitamin D 3 (262) (Scheme 6.90). Oxime 221 , prepared from tri-O-isopropylidene- 
d-mannitol ( 220 ), was processed as usual to give isoxazoline 222 in good yield and 
with excellent stereoselectivity. Conversion of 222 to the aldol 223 proceeded in the 
normal manner and further elaboration gave the desired diene intermediate 224 
(262). 
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A mixture of stereoisomers of 4-phenylsulfonyl-6-heptenal oxime 226 (as- 
sembled from the alkene 225 using sulfone carbanion chemistry) was treated 
with sodium hypochlorite and produced isoxazoline 227 with high stereoselectivity 
for each stereoisomer of 226 (77) (Scheme 6.91). Removal of the MOM-protecting 
group in 227 followed by replacement with a 2-bromo-2-propenyl group afforded 
isoxazoline 228, which was subsequently cleaved using TiCls (77). The hydroxy 
group of the aldol moiety was next protected by silylation. Cyclization of 229 
occurred using di-n-butylcopper lithium to produce the bicyclic methylene com- 
pound 230. This structure corresponds to an analogue of the oxahydrindene portion 
of the milbemycins (see 231) and the avermectins, which are known as powerful 
antiparasitics (77). Another approach to the southern zone of these macrolides was 
initiated by Fraser-Reid and co-workers (329), who made use of the co-nitroalkene 
derivative 233, available from diacetone glucose 232. Cycloaddition of 233 under 
Mukaiyama conditions afforded the tetracyclic isoxazoline 234 as a single stereo- 
isomer (Scheme 6.92), which was subsequently converted to P-hydroxyketone 235 
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with Raney Ni in good yield. From 235 , oxahydrindene 236 was eventually 
obtained (329). 

The sesquiterpene skeleton has also been assembled by the intramolecular nitrile 
oxide cycloaddition sequence. Oxime 238 (obtained from epoxy silyl ether 237 ), on 
treatment with sodium hypochlorite gave isoxazoline 239 , which was sequentially 
hydrolyzed and then subjected to the reductive hydrolysis conditions-cyclization 
sequence to give the furan derivative 240 (330) (Scheme 6.93). In three additional 
steps, compound 240 was converted to 241 . This structure contains the C 11 -C 21 
segment of the furanoterpene ent-242, that could be obtained after several more 
steps (330). 

Another related synthesis made use of the intramolecular cycloaddition of co- 
nitroalkene 243 , also derived from geraniol epoxide 237 . Generation of the 
expected nitrile oxide dipole using p-chlorophenyl isocyanate and triethylamine 
quantitatively gave the annulated isoxazoline 244 as a 2:1 mixture of diastereo- 
isomers (Scheme 6.94). Reductive hydrolysis of the cycloadduct to the aldol 
product followed by dehydration provided enone 245 , which was used to prepare 
the sesquiterpene nanaimoal 246 (242). 

The intramolecular nitrile oxide-alkene cycloaddition has further been used for 
the construction of a tricyclic isoxazoline intermediate containing a decaline ring. 
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borate. Reaction of 250 under Nozaki-Lombardo conditions for methylenation 
furnished (+)-albicanol 251 (272,273). 

Kozikowski and Li (268) also made use of this protocol for the construction of 
the hexahydronaphthalene portion of the hypocholesteremic agent compactin (256) 
(see Section 6.4. 2. 2). The oxime derived by from alcohol 253 (via y-lactone 252) 
was heated with aqueous sodium hypochlorite in the presence of triethylamine to 
give the tricyclic isoxazoline adduct 254 (Scheme 6.96). Reductive hydrolysis and 
dehydration afforded enone 255, which in several further steps led to compactin 
(256) (268). 

A stereoselective synthesis of testosterone (261) was advanced by Fukumoto and 
co-workers (331), where ring B was joined to the C/D part by an intramolecular 
nitrile oxide cycloaddition. The key nitrile oxide dipole was generated in situ 
from oxime 258, which in turn was derived from the optically active tetrahydroin- 
danone 257. Tetracyclic isoxazoline (259) was obtained as a single stereoisomer 
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(Scheme 6.97). Transformation of this compound to hydroxyketone 260 proceeded 
as usual in excellent yield. From compound 260 , ring A was elaborated resulting in 
a complete synthesis of testosterone 261 (331). 

An intramolecular cycloaddition of the tetradecatrienyl nitroethyl ether 263 was 
used in the synthesis of the 14-membered bicyclic precursor 265 of crassin acetate 
266 , a cembrane lactone possessing antibiotic and antineoplastic activity (332). 
Nitro compound 263 was obtained from farnesyl acetate ( 262 ) in several steps and 
was then treated with phenyl isocyanate and triethylamine to give the tricyclic 
isoxazoline 264 (Scheme 6.98). Conversion to ketone 265 was accomplished by 
hydrogenation of the cycloadduct with Raney Ni and boric acid followed by 
acetylation (332). In this case, the isoxazoline derived from a 3-butenyl nitroethyl 
ether moiety served to produce a 3-methylenetetrahydropyran moiety (332). 

Isoxazoline Intermediates with an Annulated Seven-Membered Ring 

Shibasaki and co-workers used an intramolecular nitrile oxide cycloaddition to 
prepare the skeleton of phorbol ( 272 ) (Scheme 6.99), a tumor promoter that 
activates protein kinase C (PKC) (333). Nitroalkene 268 was elaborated in several 
steps from (-|-)-3-carene ( 267 ) and was subjected to cycloaddition by means of 
p-chlorophenyl isocyanate-triethylamine to give cycloadduct 269 in 88% yield. 
Reductive hydrolysis employing Raney Ni and boric acid afforded hydroxyketone 
270 , that was subsequently used for the construction of the optically active 
derivative 271 , which contains the phorbol skeleton (333). 
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Synthesis of Macrocycles Employing Intramolecular Nitrile Oxide 
Cycloaddition and Aldol Cleavage 

One of the very first uses of the intramolecular nitrile oxide cycloaddition 
involved the synthesis of macrocyclic lactones. Asaoka et al. (238) conceived this 
approach to the 16-membered ring antibiotic A26771B ( 277 ). Nitro compound 274 
[obtained from 11-acetoxydodecanal ( 273 )] was dehydrated with 4-chlorophenyl 
isocyanate-triethylamine and this was followed by dipolar cycloaddition, which 
gave isoxazoline 275 as a 4:1 mixture of diastereomers (Scheme 6.100). 
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Hydrogenation under acidic conditions followed by dehydration afforded lactone 
276 that was easily converted to the target compound 277 (238). 

A similar strategy was used for the synthesis of muscone (282) (246). Here, 
l-nitro-14-pentadecene (279) [readily available from 12-tridecenal (278)] was 
subjected to the cycloaddition sequence under conditions similar to that described 
above, producing the bicyclic compound 280 in good yield (Scheme 6.101). 
Hydrogenolysis of the isoxazoline ring in the presence of acetic acid-water was 
followed by dehydration of the resulting aldol product to provide a moderate yield 
of the unsaturated ketone 281. This compound was further converted to racemic 
muscone (282) by conjugate addition of a methyl group to the C=C bond (246). 

6. 5.2.2. Syntheses with Intramolecular Nitrile Oxide Cycloaddition and 
Isoxazoline Reduction to the y-Aminoalcohol 



Few examples of total syntheses have been reported that involve an intramole- 
cular nitrile oxide cycloaddition and ensuing reduction to an aminoalcohol. The 
very first example was reported by Confalone et al. (334) and involved a synthesis 
of the naturally occurring vitamin biotin (287). The nitro precursor 284 was easily 
prepared from cycloheptene. When treated with phenyl isocyanate-triethylamine, 
cycloaddition led to the all-cis-fused tricyclic isoxazoline 285 with high stereo- 
selectivity (Scheme 6.102). Reduction with LiAlH 4 afforded aminoalcohol 286 as a 
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single isomer. A number of subsequent transformations were carried out in order to 
complete the synthesis of racemic biotin (287) (334). 

An interesting example has been reported where two five-membered rings were 
constructed in the key cycloaddition step and then used in the synthesis of 
papuamine (292) (Scheme 6.103), an alkaloid isolated from a marine sponge 
(335). Thus, treatment of the optically active l-nitroethyl-2-vinylcyclohexane 289 
with phenyl isocyanate resulted in the formation of tricyclic isoxazoline 290 in 
good yield. A single diastereoisomer, with trans-substitution at the newly formed 
stereocenter in the central cyclopentane ring, was obtained. Subsequent reduction 
and protection afforded the A-Boc-amino alcohol 291, whose N-deprotected and 
O-benzylated derivative was taken onto the target structure of papuamine (292), 
with its intriguing C 2 -symmetrical pentacyclic structure (335). 
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Jager and co-workers synthesized several aminocyclopentane polyols (336) 
using the above mentioned strategy (259,260,261,336). Oxime 294 , easily 
prepared from mannoside 293 , was treated with sodium hypochlorite under 
microwave irradiation to give isoxazolines 295 and 296 in moderate yield 
(Scheme 6.104). The isomers were separated and reduced with LiAlH 4 to afford 
the respective amino alcohols 297 and 298 in high yield as single diastereoisomers. 
Hydrogenolytic debenzylation of 297 using methanol-hydrobromic acid afforded 
the hydrobromide 299 . This compound was found to be a very strong inhibitor of 
a-mannosidase (259,260,336-339). Analogous routes were likewise applied to 
hexenoses (338) derived from glucose, galactose, and A-acetylglucosamine. This 
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approach resulted in the synthesis of several active inhibitors since these amino- 
cyclopentanepolyols effectively act as ring-contracted (deoxa) pyranoside mimics 
(259-261,339). An even more versatile route to these structures employed the 
respective hexenose nitrones (259-261,339-346). 
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subsequent cleavage to an Al-methylaminoalcohol was used by Kozikowski et al. 
(348) for a synthesis of paliclavine ( 309 ). The 4-alkenyl-3-nitroethylindole deriva- 
tive 301 was obtained from 4-methoxycarbonylindole ( 300 ) (Scheme 6.105). This 
nitro indole derivative 301 was exposed to phenyl isocyanate-triethylamine result- 
ing in the formation of a 1 : 1 diastereomeric mixture of isoxazolines 302 and 303 . 
The hydroxy group was liberated and mesylated and the NH-indole was acetylated 
to give compounds 304 and 305 , which could be separated. Indole mesylate ( 304 ) 
was subjected to elimination resulting in the formation of olefin 306 . Subsequent 
N-methylation of the isoxazoline followed by L1A1H4 reduction afforded the 
A-methylisoxazolidines 307 and 308 as a 3:1 mixture. This mixture was subse- 
quently treated with aluminium amalgam to give (-l-)-paliclavine ( 309 ) and epi- 
paliclavine ( 310 ) (350). 



6.6. CONCLUSION 



In this chapter, we described some recent advances in the generation and use of 
nitrile oxides as 1,3-dipoles as well as progress in rationalizing the reactivity and 
stereoselectivity of their cycloadditions. Nitrile oxides are readily available from 
aldehydes via oximes and hydroximoyl chlorides (Huisgen’s in situ method) or 
from nitroalkanes (Mukaiyama method), to cite the two most versatile procedures 
with the broadest scope. Apart from providing heterocycles such as 1,2-oxazoles or 
furoxans (a class of compounds largely unexploited for the synthesis of acyclic 
structures), the dipolar 1,3-cycloadducts derived from alkenes (i.e., isoxazolines) 
have found widespread use in synthesis. This is due to several factors: (a) 
isoxazolines are cyclic oxime ethers constituting neutral, stable heterocycles that 
survive various reaction conditions and thus allow for many transformations of 
functional groups on the side chains; (b) treatment of isoxazolines with strong base 
leads to regio- and stereoselective modification at either the C(4) or C(3)“ positions 
via the respective carbanions and trapping with electrophiles; (c) selective modes of 
ring cleavage of isoxazolines are possible. One proceeds via hydrogenation- 
hydrolysis and leads to aldols. Another one (L1A1H4 reduction) affords 1,3- 
aminoalcohols in a stereoselective, predictable manner. These assets help to 
make the 1,3-dipolar cycloaddition of nitrile oxides and the isoxazoline route 
attractive in answering some of the present-day challenges of organic synthesis. 
This approach also allows for the synthesis of enantiomerically pure target 
structures. In fact, this aspect of nitrile oxide cycloadditions has been a major 
focus of numerous studies over the past 20 years, and the diastereoselectivity of 
cycloadditions to chiral alkenes has thoroughly been examined by many groups. In 
recent years, a state of knowledge has been reached where the stereochemical 
outcome of such cycloadditions is often predictable. Using chiral nitrile oxides, or 
employing enantioselective catalysis, some progress has certainly been achieved. 
Here, however, we are still far from levelling the state of the art relative to other 
additions to C=C or C=0 systems (i.e., hydrogenation, AE, AD, AH), which will 
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surely constitute an increasingly important area of research for the next few 
decades, not only for the cycloadditions of nitrile oxides, but for other classes of 
1,3-dipoles as well. 

Some other aspects of nitrile oxide chemistry that will grow in importance in the 
future involve the use of high pressure (>10 kbar) to enforce hitherto slow or not 
feasible cycloadditions. Of particular relevance for nitrile oxides will be to find 
substantial improvements for practical, cost-efficient, large-scale reactions (351). 
Solid-phase techniques, adaptation for combinatorial chemistry, or improved 
versions for dehydrating nitroalkanes will all play an increasingly important role. 

As was pointed out in Section 6.5, a major field of application for 1,3-dipolar 
cycloaddition of nitrile oxides over the past two decades has been the intramole- 
cular version. We have greatly enjoyed selecting and presenting a sizeable number 
of ingenious examples of this process, which has resulted in the synthesis of a wide 
range of complex polycyclic target structures. We are convinced that there will be 
many more new and exciting applications of this protocol, to be both conceived and 
realized in the future. While the results summarized in this review illustrate that 
ring sizes from 5 to 19 have been achieved, there are also considerable gaps in 
between. 

The many successful applications of nitrile oxide cycloadditions in synthesis are 
intimately linked with theory, both the simple FMO variety as well as the more 
sophisticated ab initio treatment, where the work of Sustmann and subsequently of 
Houk and his group has been seminal. We, the practitioners, have thus been 
supplied with a consistent view on the nature of 1,3-dipoles, their reactivity toward 
dipolarophiles, and the origin and interpretation of stereoselectivity of cycloaddi- 
tion chemistry. It is of course desirable that our understanding of the relative 
reactivities of alkenes as well as of many 1,3-dipoles would be also improved, 
thereby leading to simple, extended recipes for the chemist practicing synthetics. 
We hope that this account will stimulate further advances in this field of 
cycloaddition chemistry and promote further uses of nitrile oxides in organic 
synthesis. 
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7.1. PHYSICAL AND SPECTROSCOPIC PROPERTIES 

7.1.1. Physical and Spectroscopic Properties of Nitrile Ylides 

The first nitrile ylide stable enough to be isolated (i.e., 1) has been prepared by 
the carbene/nitrile method (1). For this dipole, the anionic component is stabilized 
by electron delocalization and the nitrilium component by the steric bulk of the 
adamantyl group to such an effect that it has a melting point of 230 °C. The X-ray 
structure showed that the nitrile ylide moiety is close to linear and much like the 
resonance structure shown below. 




Another example of a stable nitrile ylide (2; R,R^= alkyl) was generated by the 
thermal decomposition of 7-azido-l,3-disubstituted lumazines in xylene (2). The 
product is formed via a complex multistep process. As in the case of 1, the stability 
is attributed to strong resonance stabilization of the anionic moiety but it is notable 
that this is the first isolable nitrile ylide that does not also rely on the presence of a 
bulky substituent at the nitrilium carbon. 



R 


-(MeOlsPO 




N=/ 

0 


400 °C 


N 

F 3 C^^\^ 


-70 °C 


F 3 C V 

(OMe )3 




CF 3 


(3) 




(4) 




F 3 C 

(5) 

The first example of the direct observation of a thermally generated nitrile ylide 
has been reported (3). This was achieved by studying the thermal flash vacuum 
pyrolysis (FVP) decomposition of the oxazaphospholes 3 (R=t-Bu, Ph) via the 
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condensation of the products on the KBr window of an infrared (IR) spectrometer at 
— 196 °C. The reaction path was found to be strongly temperature dependent. Thus, 
pyrolysis at 400 °C gave quantitative conversion into trimethyl phosphate and the 
azirine 4, which recombined quantitatively when the window was warmed up to 
—70 °C. However, on pyrolysis at 700 °C, the azirine was not detected and instead a 
species thought to be the nitrile ylide 5, absorbing strongly at 2250 cm”', was 
formed. This formulation was supported by the fact that the same species was 
produced by photolysis of the matrix isolated azirine. 

Work on the molecular structure of benzonitrilio methylide 8/9 has been carried 
out via Fourier transform infrared (FTIR) studies on it and five isotope-labeled 
variants. The nitrile ylldes were generated in nitrogen matrices at 12 K either 
directly, by photolysis of the azirine 7, or indirectly from the azidostyrenes 6 (4). 

^C=N=CH2 

hv Ph 
(8) 

Ph-CEN-CH2 
(9) 

It was found that the azirine-nitrile ylide isomerization was a completely 
reversible process. The unlabeled nitrile ylide showed a prominent band at 
1926 cm”' that underwent a 66-cm”' shift with '^N substitution. This shift was 
interpreted as being consistent with an allene-like skeleton (8) rather than the 
alternative propargyl-like structure (9). This conclusion was supported by the 
spectra from the '^C- and ^H-labeled variants. Warming the nitrile ylide in a xenon 
matrix from 12 to 82 K provided no new absorptions suggesting that the allene-like 
structure may also be adopted in solution. Some absorption spectra for benzonitrilio 
benzylide (DPNY) and some substituted benzonitrilio methylides obtained via 
pulsed-laser photolysis of azirines are given in Table 7.1 (5). 

7.1.2. Physical and Spectroscopic Properties of Nitrile Imines 

The long- sought parent nitrile imine 10/11 was produced for the first time 
in 1994 from 1,2,4-triazole in a beam experiment and was characterized by 



TABLE 7.1. ABSORPTION SPECTRA EOR SUBSTITUTED BENZONITRILE YLIDES 
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neutralization-reionization mass spectrometry (NRMS) (6). It was subsequently 
generated by photolysis of the tetrazole 12 in an argon matrix at 12 K and identified 
by comparison of its observed IR spectrum with the ab initio calculated spectrum 
(QC1SD/6-31G**) (7). The same species was also found to be present in the matrix- 
isolated products from FVP of the same substrate at 800 °C. Further irradiation of 
the nitrile ylide resulted in its conversion into a previously unknown species 
considered to be a HCN— NH complex. 



H-CEN— NH NWN 
H 

( 10 ) ( 11 ) ( 12 ) 



Early theoretical calculations indicated that the lowest energy structure for this 
species was the planar propargyl form 11 but also that the molecule "weiS floppy and 
the nonplanar allenic structure 10 of similar energy was also accessible. More 
recently, it has been shown that the calculated energy difference between the two 
structures is very dependent on the theoretical method used, and that high-level 
calculations show the allenic structure 10 to be the only stable minimum, favored 
over 11 by ~ 14 kJ mol~^ (8). Other calculations report similar conclusions in 
respect of the preferred geometry (7,9), but the fact that the terminal nitrogen atom 
is negatively polarized indicates some contribution from 11 to the wave function 
(6). The triplet lies ^ 161 kJmol”' above the singlet ground state (10). 

The silyl substituted nitrile imine 14, generated by flash vacuum pyrolysis of the 
tetrazole 13, has been directly observed by mass spectrometry (MS); and by IR 
(2955, 2230 cm”') and ultraviolet (UV) (v^ax 303 nm) via its condensation at 77 K 
(11). The silyl group was selected in order to prevent isomerization into azines and 
carbodiimides that are known reactions of N-alkyl analogues. The nitrile imine 
proved to be stable indefinitely at 77 K but disappeared on warming to 170-180 K. 
Cocondensation at 77 K with dipolarophiles gave the expected cycloadducts (e.g., 
15) from ethyl propiolate. Other N-silylated analogues were also prepared. The 
flash pyrolysis process was later optimized using real-time photoelectron spectro- 
scopic gas analysis (12). The bands were assigned on the basis of geometry- 
optimized MINDO calculations. 
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Laser flash photolysis (LFP) studies have been carried out on the generation of N,C- 
diaryl nitrile imines from sydnones and from tetrazoles in solution at 77 K. They 
were found to have lifetimes of milliseconds and were quenched by dimethyl 
acetylenedicarboxylate (DMAD) (A:q = 5-9x 10^M“'s“') and by carboxylic acids 
(A:q= 10^-10^ M~^ s“') (13). The strong dependence of v^ax on the natnre of the 
aromatic substituents in N,C-diaryl nitrile imines was interpreted by a linear free 
energy relationship as due to intramolecular charge transfer (14). 

In the late 1980s, accustomed thinking about the nature of nitrile imines was 
uptnrned by the discovery that these intermediates could be stabilized by the use of 
appropriate C and N substituents to such a degree that they could be obtained as 
stable isolable componnds (15,16). Some examples are shown below 16 - 24 . Most 
of them are quite thermally stable and are insensitive to air and water (e.g., 16 ). The 
first snch nitrile imine ( 16 ) to be prepared has a mp of 100 °C. Even example 23 with 
carbon-based substituents has a mp of 60 °C. It appears that the major factor in the 
kinetic stability of these compounds is the steric bulk of the C and N substitnents. 

S 

II + _ 

(i-Pr2N)2P - C = N— N— P(N(-Pr2)2 

S 

II + _ 

(LPr2N)2P -CEN-N— SiRs 

((■-Pr2N)2P -CEN— N— SiRa 

S 

II + - 

(i-Pr2N)2P - CEN-N-B(Ni-Pr2)2 
(i-Pr2N)2P -CEN-N-B(N/-Pr2)2 

i-PrsSi — C E N— N— Si(i-Pr 3 ) 

(i-Pr2N)2B - CEN-N-B(Ni-Pr2)2 

PhaC-CEN-N-CPhj 

S TfO“ 

(/-Pr2N)2P - CEN-N— P(Ni-Pr2)2 

I 

CH3 

Thns in the N-silyl substituted series, 17 and 18 , which rearrange thermally to 
the corresponding diazo componnds, the stability increases throngh the series 
R = Me, Ph, i-Pr. As discnssed below, these compound undergo the usual cycload- 
dition and electrocyclization reactions of nitrile imines and are not simply over- 
stabilized cnriosities. The usefnlness in synthesis of those with P— C bonds is 
probably limited since these bonds are not easily broken, but products derived from 
those with C— Si and C— B bonds (e.g., 21 and 22 ) should be capable of further 



(16) 

(17) 

(18) 

(19) 

(20) 
( 21 ) 
( 22 ) 

(23) 

(24) 
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elaboration (16). Structural data from X-ray crystallography have been obtained for 
several of these compounds (16). They show a range that runs from compound 23, 
which is of the allenic type 10, to the phosphonio derivative 24, which is closer to 
the propargyl type structure 11. The IR, UV-visible, and nuclear magnetic 
resonance (NMR) data for these compounds have been collated and discussed 
(16). The IR absorption frequency for the C— N— N system correlated with the 
variation in structure between allenic (2010-2100 cm”') and propargylic (2140- 
2170 cm”*) as revealed by the X-ray data. In respect of this absorption, these stable 
nitrile imines seem to constitute a separate class to the transient C-aryl species and 
the N-silyl species 14 whose IR spectra were obtained in matrices, all of which have 
more nitrile-like absorptions >2200 cm”* (16). NMR spectroscopy is particularly 
useful in distinguishing stable nitrile imines from their isomeric diazo compounds, 
*^C spectra can be used but *^N spectra are better since they show a ^70 ppm 
difference in the chemical shift of the a-N (17). Low-temperature NMR studies 
using derivatives 25 and 26 (R=i-Pr, R' = cyclohexyl), which have chiral sub- 
stituents, have been used to demonstrate that these compounds retain their chiral 
nonplanar allenic structures 10 in solution (18). The activation free energy for 
racemization was found to be ~30 kJ mol”* and, on the basis of ab initio 
calculations, it was suggested that the most likely mechanism was inversion at 
carbon followed by followed by rotation of the P(S)(NR 2)2 moiety. 

M _ + *.NR2 

(R2N)2P-C=N=N-P^ 

NR'2 

(25) 



R,N^ II _ + 

^P-C=N=N-P(NR2)2 

R'2N 

(26) 



7.2. GENERATION 

7.2.1. Generation of Nitrile Ylides 



The most significant development in the generation of true nitrile ylides to 
emerge since the last review (19) is concerned with the direct formation of these 
species by the reactions of carbenes and carbenoids with nitriles. The classical 
methods, however, via the elimination of hydrogen chloride from imidoyl chlorides 
and the photochemical ring opening of azirines, still continue to provide the major 
synthetic access routes to these species. The former has undergone some useful 
methodological development and has been extended to new substituted species, and 
the latter has been much utilized in pulsed-laser photolysis work on the study of 
nitrile ylide spectra and the determination of kinetic parameters in their reactions. 
Much ingenuity and effort have also been devoted to finding an easy general route 
to the simple alkyl substituted nitrile ylides not easily available by either of these 
methods. Most of this work was based on desilylation chemistry and although it did 
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not lead to the formation of true nitrile ylides it has produced much fascinating 
chemistry and led to the development of a range of nitrile ylide synthons, which are 
of much interest to the synthetic chemist. 

7.2. 1.1. Nitrile Ylide Synthons 

Much work has been reported in the last 15 years on the development of nitrile 
ylide synthons (i.e., species that are not true nitrile ylides but that achieve the same 
overall synthetic result when used in pericyclic reactions). The aims motivating this 
work were to improve access to nitrile ylides with a wider range of substituents. In 
the event, although it did not lead to true nitrile ylides, the work did provide easy 
routes to species that are not only their synthetic equivalents but that also 
circumvent limitations in true nitrile ylide reactivity or regioselectivity. Much of 
this chemistry has been based on the generation of azomethine ylides that have a 
leaving group (X) on the imine carbon (e.g., 27). These species add easily to a wide 
range of dipolarophiles and the product 28 then reacts further, usually sponta- 
neously, via an elimination reaction to give a final product 29, which is equivalent 
to that of a nitrile ylide cycloaddition. 



R Y 






)c=N-CH2 




X 


A-B 


A— B 


( 27 ) 


( 28 ) 


( 29 ) 



The highly effective desilylation routes to nonstabilized azomethine ylides have 
provided the basis for much of this chemistry. Thus, the reaction of Af-(silylmethyl)- 
thioimidates ( 30 ) with AgF in the presence of a range of dipolarophiles (electron- 
deficient alkenes and alkynes, and aldehydes) led to the isolation of nitrile ylide 
adducts in generally high yields (20,21). Differences in reactivity and regioselectivity 



,C-NCH2SiMe3 

MeS 

( 30 ) 





( 32 ) 



( 33 ) 
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from that shown by authentic nitrile ylides generated from azirines indicated that 
the reacting species were different. For example, in the reaction with benzaldehyde, 
photolysis of the azirine 31 gave 32 only whereas the desilylation route from 30 
gave 32 as the minor product (16%) together with 33 (84%). 

The mechanism proposed involves desilyation of the silver complexed imidate 
and cycloaddition by the azomethine ylide 35 to give 37 followed by elimination 
(22). 



R 

X=NCH2SiMe3 

MeS 



AgF 



R. +,ch2 

,C=N^ 
MeS Ag 



(34) 



(35) 



R- 







X = Y 






Ag 




-MeSAg 

MeS'' 




X-Y 


X-Y 


(36) 


(37) 



M(Silylmethyl)thioimidates ( 34 ) also undergo water-induced desilylation lead- 
ing to the N-protonated azomethine ylides ( 38 ). These ylides react with a range of 
electron-dehcient alkenes and alkynes, aldehydes, and ketones followed by elim- 
ination of methane thiol to give formal nitrile ylide adducts (e.g., 40 ) (23,24). The 
reactivity of these species is rather dependent on the nature of R (e.g., good for 
R = Ph but less so for R=Et or /-Pr), which may be due to competition from 
tautomerization to give the Mmethylthioimidate ( 39 ). 



( 34 ) 



H 

I 

N„- 

R^ CH2 



HjO 
HMPA 

SMe 
(38) 



R 

'c=NCH3 

Mes' 



(39) 



EWG 




EWG 



-MeSH 




EWG 



(40) 



(41) 



HMPA = hexamethylphosphoramide 
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Ai-Silylmethyl-amidines and -thioamides (42) (X = NR' or S) undergo alkylation 
at X with, for example methyl triflate, and then fluorodesilylation to give the 
azomethine ylides 43 (identical with 38 for the thioamides) (25,26). Cycloaddition 
followed by elimination of an amine or thiol, respectively, again leads to formal 
nitrile ylide adducts. These species again showed the opposite regioselectivity in 
reaction with aldehydes to that of true nitrile ylides. The thioamides were generally 
thought to be better for use in synthesis than the amidines and this route leads to 
better yields and less substituent dependence than the water-induced desilylation 
discussed above. 



MeOTf 

^^C-NHCH2SiMe3 ^ 

X 



H 

+N CsF 

^CH2SiMe3 > 

XMe 



R 



H 

Nt- 
^ CH2 

XMe 



(42) 



(43) 



(44) 



r‘R^N-CEN-CH2 



r1r 2 = Ph,H; (CH2)4; (CH2)5; (CH2)20(CH2)2 



(45) 



This work has been extended from aryl and alkyl substituted systems (42) 
(R=aryl, alkyl) to analogues where R is an amino group, so giving access to 
synthetic equivalents of the nonstabilized amino nitrile ylides (45). Adducts were 
obtained in good-to-moderate yield with A-methylmaleimide (NMMA), DM AD, 
electron-deficient alkenes and aromatic aldehydes (27,28), and with sulfonylimines 
and diethyl azodicarboxylate (29). Similarly the A-[(trimethylsilyl)methyl]- 
thiocarbamates (46) undergo selective S-methylation with methyl triflate and 
subsequent fluorodesilylation in a one-pot process at room temperature to generate 
the azomethine ylides 47. 
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II 

ROCNHCH2SiMe3 



MeOTf 

F“ 



RO 



C=NH-CH2 
/ ^ 



MeS 




(46) 



(47) 



N 



( r 



SMe 



16 % 



3 '. (R = Me) 



(49) 



The latter added to a range of electron-deficient alkenes to give adducts that 
spontaneously underwent elimination reactions to give a mixture of 2-alkoxy- and 
2-methylthiopyrrolines (48 and 49) (30). Reaction with DMAD gave only the 
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H 
H 

r'CH=N-C(CN)r2 

+ “ 

(60) 

R 
(61) 

The imidates ( 62 ) also serve as nitrile ylide synthons via cycloaddition and 
subsequent spontaneous elimination of ethanol (34,35). Cycloadditions were 
carried out to aldehydes, leading to 2-oxazolines (e.g., 64 ) and to isocyanates 
and isothiocyanates. In the preparation of the 2-oxazolines, a solvent-less mixture 
of the imidate and the required aldehyde were heated at 70 °C and the cycloadducts 
64 (R = Ph, 2-furyl, Me 2 CH, 2-HO— CgH 4 , 2-pyridyl, cinnamyl) were isolated in 
yields of 64-91%. 



NMM 




r'CH=NCH(CN)R^ 

(59) 



Me 

^C=N-CH(C02Me)2 

EtO 



Me^ + _ 
^^^^C=N-C(C02Me)2 

H 



C02Me 

RCHO 0-^C02Me 
H R 



(62) (63) (64) 

An alternative route to nitrile ylide synthons, based on the 2-azaallyl anion 65 , is 
also accessible from the A-(silylmethyl)thioimldates ( 34 ) (24). Desilylation without 
prior quaternization at nitrogen generates the 2-azaallyl anion 65 , which reacts with 
monosubstituted electron-dehcient alkenes and with aromatic aldehydes and 
ketones to give the formal nitrile ylide adducts 67 and 69 . Reaction with fumarate 
and maleate esters gave Michael adducts as the isolated products but, with 
monosubstituted analogues, the reaction continues by cyclization as shown to 
give pyrrolines (e.g., 67 ). Interestingly, the latter are formed by attack at the 
y-carbon, and hence show the opposite regioselectivity to the adducts formed from 
the species 35 or 38 . Reaction with aromatic aldehydes, however, occurs solely via 
the a-carbon with concomitant cyclization to give the 2-oxazolines ( 69 ) in 
moderate to good yield. 

A similar reaction of 70 leads to an amino nitrile ylide synthon (36,37), which 
reacts with a range of aromatic and heteoaromatic aldehydes to give the 2- 
oxazolines ( 71 ), but which fails to react with aliphatic aldehydes, simple ketones, 
or activated alkenes. 

Similarly, the iminodithiocarbonate 72 serves as a thio nitrile ylide synthon (38). 
When treated with fluoride ion in the presence of aldehydes and ketones, it gave 
the alcohols 73 as isolable products that were converted into 74 on treatment 
with silical gel. Best results were obtained with aromatic aldehydes containing 
electron-withdrawing groups; yields were poorer when electron-donating groups 
were present and for ketones. 
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EtS F“ EtS I 

>=NCH2SiMc3 I , > >=NCH2CR1R2 

EtS R R EtS 



( 72 ) 



( 73 ) 



SiOz 




The 4-phospha- 1,3-butadiene 77/80 serves as an effective synthon for the 
unknown H-substituted nitrile ylide 79 in [3 -f 2] -cycloaddition reactions with a 
range of electron-poor dipolarophiles (e.g., reaction with DMAD gave 78 in 80% 
yield). Similar yields were also obtained using methyl propiolate, azodicaboxylic 
esters, ethyl acrylate, and acrylonitrile (39). The reactant was generated under very 
mild conditions from 75 as shown below. 

The imino carbene complexes of tungsten and chromium (e.g., 81 ) also serve as 
nitrile ylide synthons (40). The tungsten complexes gave higher yields of the 
adducts and were strongly regioselective for product 82 . For example, for 81 
(M = W; R' =Me, Ph; R^ = Pr, Ph; R^=H), the pyrrole 82 was produced in yields of 
65-75% with <1% of 83 . This route to pyrroles thus has clear advantages over 
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C(CF 3)2 
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THF = tetrahydrofuran 
rt = room temperature 



analogous routes using nitrile ylides themselves in terms of both reactivity and 
regioselectivity. The tungsten complexes also reacted in a similar way with 
benzonitrile, styrene, methyl acrylate, and benzaldehyde giving cycloadducts in 
moderate to good yields. 
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(81) 



(82) 



(83) 



+ 



H 






Ph 



7. 2. 1.2. Reactions of Carbenes with Nitriles 



The direct assembly of nitrile ylides by the reaction of carbenes (e.g., 84) with 
nitriles has, in principle, great potential for structural variation as both components 
are easily accessible. The first reports of such reactions appeared in the early 1980s 
and were concerned with the reaction of nitriles with stabilized carbenes such as 84 
and 86 (41-43). 
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RCN 



f-Bu 



( 85 ) 



( 86 ) 



( 87 ) 





More recent developments, as discussed in detail below, have shown that the 
reaction is not limited to stabilized carbenes but appears to be a general route 
although the equilibrium does not always lie in favor of the nitrile ylide. For 
example, early work showed that, although the reaction is well established for 
fluorenylidene ( 84 ), a nitrile ylide spectrum was not observed when diphenylcar- 
bene precursors were photolysed in acetonitrile (44). Much of the work in this area 
has utilized LFP to generate the carbenes from diazo compound or diazirine 
precursors and has been directed at the observation of the spectroscopic properties 
of the nitrile ylides or the determination of the kinetic parameters of their reactions 
with dipolarophiles. However, the method does not yet seem to have found 
significant application in new synthetic reactions apart from its use in oxazole 
synthesis via rhodium acetate generated carbenoids (see Section 7.4. 1.1). Strong 
chemical, kinetic, and spectroscopic evidence has been obtained for the formation 
of the nitrile ylide ( 91 ) from 1-napthylcarbene ( 90 ) and acetonitrile (45,46). The 
chemical evidence was provided by a trapping experiment in which the diazirine 88 
was decomposed by flash photolysis in acetonitrile containing acrylonitrile as a 
dipolarophile. This gave a mixture of the (E) and (Z) isomers of 93 identical with 
that produced using 92 as a source of the authentic nitrile ylide. The nitrile ylide 
was found to have a lifetime in excess of 100 ps and a build up time of 100 ns when 
acetonitrile was used as a solvent at ambient temperature. 





Me 



(93) 




7.2. Generation 



487 



Confirmation was provided by the observation that the species produced by the 
photolysis of two different carbene sources (88 and 89 ) in acetonitrile and by 
photolysis of the azirine 92 all had the same strong absorption band at 390 nm and 
all reacted with acrylonitrile at the same rate (A:=4.6 x 10^ M"'s"'). Rate constants 
were also measured for its reaction with a range of substituted alkenes, methanol 
and terf-butanol. Laser flash photolysis work on the photolysis of 9-diazothioxan- 
threne in acetonitrile also produced a new band attributed the nitrile ylide 87 (47). 
The first alkyl-substituted example, acetonitrilio methylide ( 95 ), was produced in a 
similar way by the photolysis of diazomethane or diazirine in acetonitrile ( 20 , 21 ). 
This species showed a strong absorption at 280 nm and was trapped with a variety 
of electron-deficient olefinic and acetylenic dipolarophiles to give the expected 
cycloadducts (e.g., 96 and 97 ) in high yields. When diazomethane was used as the 
precursor, the reaction was carried out at —40 °C to minimize the rate of its 
cycloaddition to the dipolarophile. In the reactions with unsymmetrical dipolar- 
ophiles such as acrylonitrile, methyl acrylate, or methyl propiolate, the ratio of 
regioisomers was found to be ~ 1 : 1 . 



MeCN 

:CH2 > 

(94) 





The heat of formation of 95 , formed by this route, has been determined 
experimentally using photoacoustic calorimetry (PAC) (48). The reaction was 
found to be highly exothermic with a A//f = 70.8 kcal mol“*. LFP studies 
have also been carried out on the generation of phenylcarbene and its perfluoro 
analogue from diazo compound precursors in the presence of acetonitrile (49). 
In both cases, the carbenes were found to react with rate constants of 2.4 x 
10® s“' (in Freon as solvent) to give the expected nitrile ylides that had intense 

transient absorption peaks (L„,ax 350 nm). It was concluded that the two carbenes 
have similar properties (i.e., a triplet ground state in equilibrium with a low-lying 
singlet) by which the reaction with the nitrile occurs. It was calculated that the 
lifetimes of the spin-equilibrated species are, respectively, 190 and 500 ns and that 
both would have a lifetime of 22 ns in neat acetonitrile. In contrast, it was reported 
in the early 1980s that chloro(phenyl)carbene, a typical singlet carbene, does not 
produce a nitrile ylide absorption spectrum when generated in acetonitrile. Further 
studies on the generation of this type of carbene support the conclusion that the 
reaction does occur, but the equilibrium does not lie in favor of the nitrile ylide. 
Thus, in the photolysis of the diazirine 98 (biph = 4-Ph— C 6 H 4 ) in the presence of 
acetonitrile at low temperature in a solid argon matrix (50), new IR bands attributed 
to the nitrile ylide were observed and it was found that these bands predominated 
over the carbene absorptions at high acetonitrile/diazirine ratios. The attribution of 
these new bands to the nitrile ylide was supported by their correspondence with 
values calculated for the allenyl structure 100 using the RHF/6-31G* basis set. 
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The interaction of this carbene with a range of nitriles was also studied by LFP 
(51). In only one case, that of the nitrile 101 , was the concentration of the nitrile 
ylide high enough to give a measurable absorption spectrum. In the presence of 101 
it was found that the carbene absorption at 370 nm decayed with the appearance of 
a weak absorption in the 420^90-nm range ()iniax 440 nm), which was attributed to 
the nitrile ylide 102. 



MeO MeO 




7.2.13. Photolysis of Azirines 



Much work has been done since the early 1980s on the detailed investigation of 
the azirine-nitrile ylide interconversion using pulsed-laser photolysis. Thus the 
azirines 103 (R'=R^=Ph, R^=H; R^=Me, R2=R3=Ph; R'= p-napthyl, 
R^= Me, R^ = H), on irradiation in isooctane, gave intense long-lived absorptions 
(250^00 nm) attributed to the nitrile ylides 104 (44). Quenching studies with 
electon-deficient alkenes led to the determination of absolute rate constants that 
were similar to those reported earlier for steady-state trapping experiments. The 
nitrile ylide-olefin reactions are discussed in more detail in Section 7.3.1. 




hv 



RiCEN-CR^R^ 



(103) 



(104) 



Theoretical work on the unsubstituted azirine-nitrile ylide system indicates that 
the latter is formed directly from the rni* excited Si state of the azirine via an SfSo 
conical intersection (52). Wavelength-dependent experiments using 3-phenylazirine 
( 103 ) (R^ =Ph; R^, R^ = H) showed that the nitrile ylide is formed only via (n—n*) 
excitation (248.5 nm) while excitation at 308 nm (ti— rr*) leads to a different 
transient attributed to a triplet state (5). In the case of 2,3-diphenylazirine, the tin* 
and nn* states were found to be nearly degenerate and no wavelength-dependent 
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photochemistry was observed. Experimental studies on the mechanism have also 
been carried out via LFP of 3-(4-biphenylyl)-2//-azirine (105) in cyclohexane (53,54). 
Studies of triplet sensitization and of reactions with oxygen and with propanone 
indicate that the excited singlet state 'AZ* decays rapidly into either the nitrile 
ylide (106) or the triplet state of the azirine ^AZ*, which has a lifetime of 1.5 ps. 
Since the stational photoirradiation of the azirine in benzophenone did not give any 
adducts, it was concluded that the structure of ^AZ* was the closed form and decayed 
to the ground state. The nitrile ylide reacted with propanone and acrylonitrile with 
rate constants of 2.5 x 10^ and 2.3 X 10® dm^mol ^ s respectively. 



biph 




N 



hv 



(105) (AZ) 



^AZ* 



lAZ* ► ^AZ* 

1^2* ^ biph-CEN— CH 2 



(106) 



The photochemical conversion of 3-phenylazirine into benzonitrilio methylide in 
a nitrogen matrix at 12 K was found to be a completely reversible process (4). In 
contrast, however, it is reported that acetonitrilio fluorenylide 85 (R = Me) is 
photostable at 77 K and does not convert into the corresponding azirine (55). 
This stability was attributed to a steric limitation on bond rotation. 
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The ring opening of azirines under conditions of photoinduced electron transfer 
(PET) gives, not a nitrile ylide, but the short-lived 2-azaallenyl radical cation 108 
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(56). Irradiation with 350-nm light in the presence of the electron acceptor, 1,4- 
napthalenedicarbonitrile (DCN) effected electron transfer from the azirine to the 
excited sensitizer. After losing one electron, the azirine ring opened to give 108 , 
which was found to react with acrylonitrile with a complete lack of diastereos- 
electivity to give 109 . It was suggested that the reaction followed the stepwise 
process shown. The mechanism was supported by trapping experiments with 
trifluoroethanol. 

In contrast, photolysis followed by y-irradiation of 3-(4-biphenylyl)-2//-azirine 
105 resulted in the formation of the nitrile ylide radical anion 111 (57). Two 
mechanisms were suggested, either the one shown in the scheme, or via the 
photochemical opening of the azirine radical anion. 

+ _ Y _ . 

biph-C = N— CH 2 biph-C=N=CH2 

( 105 ) ( 106 ) ( 111 ) 

7. 2. 1.4. Other Routes to Nitrile Ylides 

The Dehydrochlorination of Imidoyl Chlorides 

This method has been used extensively for the generation of diene- and triene- 
conjugated nitrile ylides (see Section 7. 4. 1.2) using strong bases. Potasium tert- 
butoxide (58) was used for the most part but in recent work (59,60) it was reported 
that lithium bis(trimethylsilyl)amide is both more effective and more convenient. It 
has also been shown that thermally unstable imidoyl chlorides for use in these 
reactions can be prepared by reaction of the corresponding amides with chlorodi- 
methylformiminium chloride at 0 °C, a reaction that is more effective than using 
either thionyl chloride or phosphorus pentachloride at higher temperatures (61). 
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The thioalkyl substituted nitrile ylides (113) {thiocyanate ylides) have been 
generated from imidoyl chlorides (112) that contain an electron-withdrawing group 
X [X = CN, 4-NO2-C6H5, Tos, P(0)(0Et)2; R'=H, Me] by treatment with 
triethylamine (62-64). They were trapped in moderate yields using DMAD and 
ethyl cyanoformate to give 116 and 117, respectively, and dimethyl fumarate. The 
precursors 112 were easily prepared by reaction of the appropriate sulfenyl chloride 
114 (R=Me, Ph, 2,4-di-N02-CeH3, 2-NO2-C6H4, 4-CI-2-NO2-C6H3, 4- 
Cl— C6H4), with the appropriate isonitrile (115). In the cases where X=Tos or 
P(0)(0Et)2, it was found that the reaction was best carried out in heterogeneous 
medium (AI2O3/KOH) where the intermediates could be trapped to give adducts in 
moderate to good yield (64). The reactions with diethyl fumarate led, in cases 
where X = Tos, to pyrroles via cycloaddition and subsequent elimination of 
p-toluenesulfinic acid and/or thiophenols. 

Phosphoryl substituted nitrile ylides have also been generated via the imidoyl 
chloride-base route using precursors 118 (R = Et, c-CeHn, t-Bu) prepared by the 
addition of an acid chloride to diethyl isocyanomethylphosphonate (120) (65). 
Treatment of the imidoyl chloride with triethylamine at —10 to 0 °C in the presence 
of dipolarophiles gave adducts in yields of up to 55% (e.g., 119 and 121) in ratios 
1:4, 1:3 for R=Et and c — Ceiin, respectively. 



RCOC(Cl) =NCH2P(0)(OEt)2 
(118) 

RCOCl 

(EtO)2P(0)CH2N=C: 

( 120 ) 



EtjN 



RCO. .N P(0)(OEt)2 




C02Me Me02C 



(119) 



RCO. .N^^P(0)(OEt)2 




C02Me 



( 121 ) 



Miscellaneous Routes to Nitrile Ylids 

The cyano-substituted nitrile ylides 123 have been generated via 1,1 -elimination 
reactions. Eor example, the benzylidene derivative 122 (R = Ph) eliminated benzene 
on vapor phase pyrolysis to give 123 (R = Ph), which reacted via 1,5-electrocycli- 
zation [see also (66)] to give the isoindole 124 (41%) (67). In a similar way, 122 
[R = (CH2)3CH=CH2] gave the corresponding nitrile ylide that reacted via intra- 
molecular cycloaddition to give the pyrroline derivative 126. 

Felhammer and co-workers (68-71) (and references cited therein) has shown 
that metal coordinated a-deprotonated isocyanides (e.g., 127 and 128) are genuine 
1,3-dipoles of the nitrile ylide type that react with various dipolarophiles by [3 + 2] 
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hydrazonyl halides ( 129 ) are skin-active and exposure can lead to sensitization and 
allergy. Greater convenience and a solution to this problem can be achieved 
by using in situ preparation in a one-pot chlorination-dehydrochlorination proce- 
dure (72). Thus the treatment of Ai-acylhydrazines with triphenylphosphine-hexa- 
chloroethane (Ph 3 PCl 2 ) in the presence of triethylamine and the dipolarophile leads 
to the expected cycloadducts in high yields (e.g., 133 from 131 ). The method is 
effective for cycloaddition to both olefinic and acetylenic dipolarophile s and for 
1,5-electrocyclization reactions of conjugated nitrile imines. 



PhsPCh/EtjN _ + 

PhCONHNHPh ► PhC=N=NPh ► 

CHjCN/rt 

(131) (132) COzEt 



Silver carbonate, when used as the base in the dehydrochlorination of hydra- 
zonyl chlorides, has a unique effect in enhancing yields and favoring particular 
modes of reaction, for example, in the promotion of the tandem intermolecular- 
intramolecular synthesis of macrocycles 302 discnssed in Section 7. 3. 2. 4 (73). Such 
differences have led to some investigations into the mechanism of its reaction. In 
this work (74), the hydrazonyl chloride 134 was reacted with 2 M eqniv of silver 
carbonate in the presence of various allylic alcohols. 




I 

Ph 

(133) (82%) 



Cl . + 

I Ag+ + _H+ _ + 

ArNH-N=C-C02Me ► ArNH-N=C-C02Me ► ArN-N = C"C02Me 



(134) 

[Ar = 2-Et02C-C6H4] 

CH2CH2COMe 

ArNH-N=C-C02Me 

(137) 



(135) 



CH(OH)Me 

CH(OH)Me 



(136) 



COzMe 



ArNH-N=C-C02Me 

(138) 




In all cases, the generation of a true nitrile imine was confirmed by the formation 
of the expected cycloadducts (e.g., 139 ) with the expected regioselectivity. How- 
ever, in several cases, carbonyl derivatives (e.g., 137 ) were also formed in relatively 
low yield. These compounds were not formed when triethylamine was used as the 
base. From these data, it was suggested that the dehydrochlorination is a two-step 
process, involving first silver-ion promoted dehalogenation to give the carbocation 




494 



Nitrile Ylides and Nitrile Imines 



135 , followed by deprotonation to give the nitrile ylide. Compound 137 is derived 
by interception of the carbocation 135 by reaction with the alkene to give 138 , 
followed by a pinacol rearrangement. These conclusions were supported hy further 
work using homoallylic and homopropagylic alcohols (75). 

The use of water as a medium for nitrile imine cycloaddition reactions using the 
imidoyl chloride-hase generation method has been investigated. It was found that 
satisfactory yields of cycloadducts could be obtained provided that a cationic 
surfactant was used and that sufficient of an organic cosolvent (e.g., THF) was 
added to obtain a homogeneous medium (76). It has also been reported that 
microwave heating can give enhanced yields of cycloadducts and shorter reaction 
times in the reaction of hydrazonyl chlorides with A^-methylmorpholine in the 
presence of alkenes, and when using alumina as the base under solvent-free 
conditions (77). 

The use of organomagnesium reagents as bases leads to complexation of the 
nitrile imines (e.g., 141 ), which has been found to have a strong effect in promoting 
syn selectivity in reactions with methyl 2-(l-hydroxyalkyl)acrylates via coordina- 
tion of the metal atom with the alcoholic oxygen (e.g., leading to the formation of 
142 ). Lithium complexation had little effect (78). 



RC=NNHPh 

I 

Cl 



EtOMgBr + 

► RCEN-NPh 

MgBr 



( 140 ) 



( 141 ) 




The Oxidation of Hydrazones 

oxidant , _ + t 

R-NH-N=C-R^ ^ R-N-NEC-R^ 

I -Hz 

H 

( 143 ) ( 144 ) 

The oxidation of hydrazones 143 provides, in principle, a very convenient route 
to nitrile imines from easily accessible starting materials. However, the earliest 
reagent used, lead tetraacetate, was of limited effectiveness as yields were low and 
the reaction often gave high yields of diacylhydrazides as byproducts. Work has 
been done on the application of several other oxidants to this process to produce a 
more effective general route. The one that has proved most popular is chloramine T 
(Wchloro-Wsodio-/7-toluenesulfonamide, CAT) which is used under mild condi- 
tions and has been shown to work well for both cycloaddition (79) (e.g., in the 
preparation of 146 from 145 ) and electrocyclization (80) reactions. 
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,N 






N 

I 

H 





(145) (146) (70-90%) 

R‘ = Ar, ;-Pr, C 5 H 11 ; = Ph, 4 -NO 2 C 6 H 4 ; R^ = CN, C 02 Et, Ph 



2,3-dichloro-5,6-dicyno-l,4-benzoquinone mercuric acetate (81), phenyliodine 
diacetate (82), and (DDQ) 2,3-dichloro-5,6-dicyano-l,4,-benzoquinone (83) bave 
also been used. 



7.2.2. 2. Stabilized Nitrile Imines 

Two general methods are available for the assembly of the sterically stabilized 
species 16 - 24 , both starting from metallic derivatives of diazo compounds ( 147 ) 
(16). The latter have two nucleophilic centers and can, in principle, react with 
electrophiles at C giving the functionalized diazo compounds ( 148 ), or at N, which 



leads to the nitrile imines (149). 




R-C-M 


R-C-E 




II 


E+ II 


+ 


N+ 


► N+ 


and/or R-C — N-N 


II 


II 




N“ 


N“ 




(147) 


(148) 


(149) 



in some cases 



In principle, it would appear that the presence of bulky substituents R and E 
should kinetically favor the formation of nitrile imines. Lithium salts have been 
used for much of this work and it has been shown that this is generally the case 
[e.g., for 151 (X=S)] bulky electrophiles favor the nitrile imine (e.g., 153 ) while 
smaller analogues favor diazo compounds (e.g., 152 ). Reducing the size of the 
substituent on the diazo compound has a similar effect (e.g., 150 from 151 ) 
(X = lone pair). 

Stannyl diazo compounds are less reactive than their lithium analogues and, 
containing a bigger metal atom, strongly favor reaction at N to give nitrile imines 
(e.g., 155 from 154 ). The use of bis(trimethylstannyl)diazomethane ( 156 ) provides 
an easy one-step route to symmetrically substituted systems (e.g., 157 ). 

Both experiment and calculations have shown that the diazo compounds are the 
more thermodynamically stable isomers and in some cases, notably for A^-silyl 
substituents, thermally induced isomerizations from 149 to give 148 can be an 
important factor. 
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S 

(i-Pr2N)2P-C-P(NMe2)2 

II 

N2 



( 152 ) 



X 

II 



(MejNlzPCl 



(i-Pr 2 N) 2 P -C-Li 

X = Ip N2 

( 151 ) 

()-Pr2N)2P - C -P(Ni-Pr2)2 (i-Pr2N)2PCl 

1 1 

N2 (i-Pr2N)2PCl 



x = s 



x = s 



( 150 ) 



S 

(i-Pr2N)2P -C E N-N-P(Ni-Pr2)2 
( 153 ) 



i-PraSi C SnMej i-PrjSi-CEN-N— PR 2 

N 2 



( 154 ) 

Me3Sn — C — SnMe3 
II 

N 2 



( 155 ) 

PhjCCl + 

Ph3C-C = N-N— CPh3 



( 156 ) 



( 157 ) 



7.3. [2 + 31-CYCLOADDITION REACTIONS 

7.3.1. Cycloaddition Reactions of Nitrile Ylides 

Pulsed-laser photolysis of the azirines 158a-c in the presence of electron- 
deficient alkenes (44,66) allowed the determination of the bimolecular quenching 
rate constants (^q) for reactions with acrylonitrile (1.0-5 .4 x 10® M“'s“') and 
fumaronitrile (0.5-7 .4 x 10® s“'). The relative value for azirine 158a was 

close to that obtained in earlier steady-state trapping experiments. Temperature 
studies for the reactions of the nitrile yllde 158a showed that A:q for methyl acrylate 
is insensitive to temperature while that for diethyl fumarate initially increases with 
decreasing temperature and then begins to decrease at temperatures below —65 °C. 
This type of Arrhenius behavior, previously observed for the quenching of 
phosphorescence from ketones, carbenes, and singlet oxygen, was explained as 
being consistent with a kinetic scheme involving the reversible formation of a 
nitrile ylide-alkene complex 160. 
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R‘ 



y, 

(158) 



hv 



r'cen-cr^r 



+ _ 



2„3 



(159) 



(a) R‘, r 2 = Ph, r3 = H 

(b) R‘ = Me, r 2, R^ = Ph 

(c) R* = p-napthyl, R^ = Me, R^ = H 



NY + alkene 




NY / alkene 
(160) 



product 



Some other data showing substituent effects on the rate constants for cycloaddi- 
tions with electron-deficient alkenes is given in Table 7.2 (5). 

The mechanism of the reaction of nitrile ylides with the carbonyl group has been 
studied via LFP of 3-biphenyl-4-yl-2//-azirine ( 105 ) (84). The nitrile ylide 106 was 
found to decay according to pseudo-first-order kinetics and the rate constants for 
cycloaddition with a range of aldehydes, ketones, esters, and carbon dioxide were 
measured. The results were correlated with the ionization potentials of the carbonyl 
compounds in a Sustmann plot. From this it was concluded that the major frontier 
molecular orbital (FMO) interaction was that between the nitrile ylide highest 
occupied molecular orbital (HOMO) and the dipolarophile lowest unoccupied 
molecular orbital (LUMO) and that the mechanism was the same as that (above) 
suggested by Padwa for alkene cycloaddition. The linear relationship between the 
log k value and the % ionization potential (IP) was taken to indicate that the reaction 
proceeds through a complex of configuration 161 rather than 162 . It was suggested 
that Padwa’s “intermediate complex” 160 was also of this type. 



+ ,,H 

biph-C=N-C 

-- 






O 



R2,' 



.H 



;c=o 



(161) 



biph-C=N-C^ 

+ > 



H 



(162) 



TABLE 7.2. RATE CONSTANTS (s^‘ M^') FOR CYCLOADDITION REACTIONS OF 
SUBSTITUTED BENZONITRILE YLIDES 









4-X-Benzonitrilio methylide 






DPNY 


Cl 


H 


Me 


MeO 


Acrylonitrile 

DMAD 

TCNE 


8.9 X 10^ 
1.2 X 10’ 


9.4 X 10^ 
1 X 10’ 

3.5 X 10« 


1.4 X 10'’ 
1.7 X 10’ 
5 X 10" 


1.9 X 10'’ 
7.4 X 10’ 

5.9 X lO'^ 


2.2 X 10*^ 
6.9 X 10" 



(TCNE = tetracyanoethene) 
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Theoretical calculations on the cycloaddition reactions of a range of 1,3-dipoles 
to ethene in the gas phase have been carried out (85) with optimization of the 
structures of these precursor complexes and the transition states for the reactions at 
the B3LYP/6-31G* level. Calculated vibration frequencies for the orientation 
complexes revealed that they are true minima on the potential energy surface. 
The dipole-alkene bond lengths in the complexes were found to be about twice that 
in the final products and binding was relatively weak with energies <2 kcal mol“^ 
Calculations on the cycloaddition reactions of nitrilium and diazonium betaines to 
ethene indicate that the former have smaller activation energies and are more 
exothermic. 

Some interesting work has been carried out on the generation and reactions of 
nitrile ylides (e.g., 164 and 171 ) with different substituents at the nitrile carbon. The 
effect of such substituents on regioselectivity in cycloaddition reactions throws 




,C-N = C-SR 

(164a) 



Ph 

>0 



FjC 



r‘ 

r2i 



;c=N=c 

(3) (1) SR 



RS 



Ph 



Vi 

N O 
R^^R^ 

(169) 



CF, 



(164b) 
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some light on their effect on the geometry of the nitrile ylides. The thio-substituted 
nitrile ylides (164) (R= Ar, PhCH 2 , and R*, R^ = (CH 2)3 or si Me, Me; Ph, Me) were 
generated by the thermolysis (>110 °C) of 4-substituted 3-oxazolin-5-ones (163) 
(86,87). They were trapped unexceptionally in moderate to good yield (35-97%) by 
reactive dipolarophiles such as dimethyl acetylenedicarboxylate, diethyl azodicar- 
boxylate, diethyl fumarate, and 4,4-dimethyl-2-phenyl-l,3-thiazol-5-thione (88). In 
the absence of dipolarophiles, the examples where [R', R^ = (CH 2 ) 5 , and Me, Me] 
reacted by isomerization to give 2-azabutadienes (e.g., 166), which were subse- 
quently trapped by reaction with ethyl propiolate to give, initially, 167, which 
eliminated thiophenol to give 168. The most interesting feature of this chemistry, 
however, is that the cycloadditions with trifluoroacetophenone proceeded regio- 
specihcally to give the isomer 169. This result was expected for the examples where 
R* and R^ were electron-donating groups since these are predicted by the Houk 
calculations to favor the bent allene-type structure 164b, which has the greatest 
HOMO coefficient on the nitrile C [(Cl)]. However, the observation of the same 
regioselectivity for 164 (R*=Ph, R^ = Cp 3 ) was unexpected since electron- 
withdrawing groups would be expected to favor the linear propargyl geometry 
164a, where the largest HOMO coefficient is on [(C3)]. Thus it would appear that 
164 (R'=Ph, R^ = Cp 3 ) favors the allenyl geometry, thus leading to speculation by 
the authors that the presence of the thio substituent on [(Cl)] may be overwhelming 
the effect of the electron-withdrawing CP3 group. 

In an attempt to investigate this theory further, the analogous alkoxy-substituted 
nitrile ylides 171 were investigated. Species of this type were previously unknown 
but were successfully generated for this work by the thermolysis of the 4-alkoxy 
substituted l,3-oxazol-5-ones 170 (89). In the absence of a dipolarophile, the nitrile 
ylides reacted via 1,5-electrocyclization to give the isoindoles 173 [see also 



RO O i-PrO Ph 




( 173 ) ( 174 ) ( 175 ) 
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TABLE 7.3. BOND LENGTHS AND CALCULATED GEOMETRY FOR 176/177 



R 



R 



^/C-NEC-R^ 



( 176 ) 



+ 

'';c=N=c^ , 

R^^ r' 

( 177 ) 







R^, R^ = 


Me 






R^ R^ = 


CFj 




r‘ 


R'-C-N 


C-N-C 


C(l)-N 


N-C(3) 


R'-C-N 


C-N-C 


C(l)-N 


N-C(3) 


Me 


145.8 


166.4 


1.209 


1.296 


178.3 


179.0 


1.170 


1.316 


OH 


117.1 


163.8 


1.288 


1.270 


121.4 


159.9 


1.284 


1.262 


SH 


141.5 


168.0 


1.218 


1.289 


175.1 


178.4 


1.182 


1.301 



— Me, OH, SH WITH R^, R^ — Me and CF 3 and bond angles are in degrees and bond lengths are in 
angstroms. 



(66,67)]. However, when generated in trifluoacetophenone, 171 (R = /-Pr, R^ = Cp 3 ) 
reacted by a regiospecific but not stereospecific route to give the adducts 172 . Thus 
it was shown that the same strong regioselectivity is obtained for the 1-alkoxy 
substituted nitrile ylides as for their 1-phenyl, -arylthio, and -amino analogues. This 
nitrile ylide also gave adducts with ethyl cyanoformate (36%) (only the regioisomer 
174 ) and with DMAD (48%), diethyl azodicarboxylate (19%), and dimethyl 
fumarate (23%) (90). Only in the case of cycloaddition to 2-phenyl-3-thia-l- 
azaspiro[4,4]non-l-ene-4-thione ( 175 ) [RR = (CH 2 ) 4 ] did the reaction prove to be 
nonregioselective (90,91). In order to rationalize the regioselectivity results, 
theoretical calculations were carried out to determine how the geometry of nitrile 
ylides is affected by both the nature of the [(Cl)] substituent and of the electron- 
withdrawing-electron-donating properties of the substituents at [(C3)] (90). The 
results (Table 7.3) show that the effect of Me and SH at the nitrile carbon are similar 
but that the dipoles with the OH group are significantly more bent in both cases and, 
even with R*R^=Cp 3 , seem to prefer the bent allenyl structure. 

In the first addition of nitrile ylides to a,P-unsaturated lactones (92), it was found 
that the reaction of benzonitrilio 4-nitrobenzylide with the lactones 178-180 were 
strongly regioselective. Compounds 178 and 179 reacted to give [e.g., 181 from 178 
(51%)] and its methyl analogue from 179 (54%). The exocyclic double bond in 180 
was, however, the most reactive and gave 182 (69%). The six-membered analogue 
of 178 was less reactive (34%) and the seven-membered analogue failed to react. 

It has also been shown (93) that the additions of benzonitrilio benzylide to the 
substituted analogues 183 and its (E) isomer were not only highly regioselective but 
also highly stereoselective. Thus in both cases, NMR examination of the product 
showed that only a single diastereoisomer (e.g., 184 ) was obtained. 

Nitrile ylides, generated by the imidoyl chloride-base route, have been added to 
1-azetines ( 185 ) (X = 0, S) to give the adducts 186 in moderate to good yields 
(42-68%) (94,95). These examples are among the first cycloadditions to 1-azetines. 
In the case where Ar = Ph, the NMR spectrum of the product showed only one set 
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( 178 ) ( 179 ) ( 180 ) 







of diastereoisomers and X-ray crystallography showed that the ethoxy and the 
4-nitrophenyl groups were trans related. 



Me 



Me- 

Me- 





/ 




ll 

XT 




— IN 



XEt 



Me XEt H 



4-N02-C(jH 4-CH - N = CAr 



Me 

( 185 ) 




Extensive work has been done to determine and understand the factors control- 
ling diastereoselectivity in the cycloaddition of nitrile oxides to alkenes but very 
little is known about nitrile ylides in this regard. Work on their reactions with 
alkenes that are geminally disubstituted with electron- withdrawing groups (e.g., 
187 ) has illustrated some of the difficulties in such studies. When the imidoyl 
chloride-base route was used to generate the nitrile ylides it was found that the 
products 188 epimerized under the reaction conditions. When the azirine route was 
used, the reaction was complicated by the photochemical isomerization of the 
dipolarophiles (96,97). Thus, in both cases, it proved impossible to determine the 
kinetic product ratio. 
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Ph 



,C02Me 



H CN 



(187) 




Irradiation of 2,3-diphenyl-2//-azirine in the presence of Cgo fullerene leads to 
the formation of mono- and oligo adducts (98,99). A monoadduct, l,9-(3,4- 
dihydro-2,5-diphenyl-2//-pyrrolo)fullerene-60 was isolated and characterized. 
Mechanistic studies showed that under conditions of direct irradiation it was 
formed by a classic nitrile ylide cycloaddition but in the presence of 1,4- 
napthalenedicarbonitrile (DCA) it resulted from reaction of the radical cation 
intermediate 108. Cycloaddition reactions have also been carried out with diaza- 
phospholes and diazaarsoles (100) to give adducts of the type 189 (A=As,P) and 
with cyanogen to give 190 and with aryldiazocyanides where addition to both the 
azo moiety and the cyano group were observed (101). 




7.3.2. Cycloaddition Reactions of Nitrile Imines 



Variously substituted nitrile imines are easily available and react readily with a 
wide range of double and triple bonds. Intermolecular cycloaddition is therefore an 
area of major interest, and a large proportion of the papers on the use of nitrile 
ylides in synthesis is concerned with the exploitation of this reaction. Space 
limitation means, regrettably, that work leading to results that were predictable 
on the basis of known chemistry (19) has generally not been included. 

7. 3. 2.1. Cycloaddition of Stabilized Nitrile Imines 

One of the most remarkable recent developments in nitrile imine chemistry was 
the discovery that these species could be stabilized by the incorporation of 
appropriately large substituents at the C and N termini. This finding resulted in 
the preparation of a range of compounds (e.g., 16-24) with high enough levels of 
thermal and air stability to allow them to exist as isolable compounds with quite 
high melting points (see Section 7.1.2). It is interesting therefore to find that these 
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compounds, in spite of their stability, still retain useful levels of typical 1,3-dipole 
reactivity in cycloaddition reactions (16). For example, 16 gave the expected 
cycloadducts on reaction at room temperature (102,103) with methyl acrylate 
(55%), methyl propiolate (50%), dimethyl fumarate (70%), methyl isocyanate 
(65%), A^-phenylmaleimide ( 191 , 85%), methyl vinyl ketone (82%), and 1,4- 
naphthaquinone (72%). Example 23 without heteroatoms gave rather higher yields 
under milder reaction conditions [e.g., methyl acrylate ( 192 , 90%), methyl 
propiolate (85%), and dimethyl fumarate (91%)] (104). However, their reactivity 
characteristics are somewhat different from those of transient nitrile imines. The 
latter are Sustmann Class II 1,3-dipoles (19), which means that in their reactions 
with alkenes and alkynes, they are reactive to those that are electron rich and 
electron poor, but least reactive those without electron-withdrawing or -donating 
groups. The stabilized nitrile imines are less ambiphilic in nature and are moved 
toward either dipole (HO) control or dipole (LU) control depending on the nature of 
their substituents (103). 



S 





COzMe 

(192) 



S 




Me 

^P(Ni-Pr2)2 

H TfO“ 





-Si(i-Pr3) 

C02Me 




-Si(i-Pr3) 



Me02C 



(196) 



Thus examples such as 16 that have a phosphino substituent on the N atom are 
more nucleophilic in character and react readily with electron-poor alkenes and 
alkynes (see above) but fail to react with those that are electron rich. In contrast, the 
ones with a phosphonio substituent (e.g., 24 ) were found to react readily with 
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electron-rich double bonds such as those in norbornadiene and the enamine ethyl 
trans-2-pyrrolidineacrylate to give, respectively 193 (80%) and 194 (78%). The 
regioselectivity for all the reactions with monosubstituted dipolarophiles discussed 
above was the same as that for transient nitrile imines (i.e., a very high level of 
selectivity favoring the formation of the 5-substituted products). However, the bis- 
(silyl) derivative 21 was different and gave mixtures of the 4- and 5-substituted 
cycloadducts with methyl acrylate and with methyl propiolate (e.g., 195 and 196 
from the latter in a 52:48 ratio). This change was related to the raising of the dipole 
FMO energies by the presence of the two silyl groups (105,106). Species 21 has 
also been added to the C=S bonds of thio-aldehydes and thio -ketones generated 
in situ by a retro-Diels-Alder reaction (107), and to the P=S bond in Lawesson’s 
reagent (108). 

The N-phosphino derivative 16 shows an interesting duality of reactivity. It 
can give typical reactions of the 1,3-dipolar moiety or can react with more 
electrophilic reactants via nucleophilic attack by the phosphine center (109,110). 
Thus, with dimethyl acetylenenedicarboxylate it does not give a [3-1-2] cycload- 
duct as with methyl propiolate (see above) but instead gives the l,2,4k^-diazapho- 
sphinine ( 198 ) (90%) via 197 . The analogous reaction with TCNE rather 
surprisingly goes at one of the cyanide groups to give 199 . The reaction of 16 
with methyl triflate gives the stable phosphonio derivative 24 , and reactions with 
sulfur, selenium, and phenyl azide give the heterocycles 200 (X = S, Se, NPh) in 
high yield. 



(16) 



DMAD 



S 

II + 

(i-Pr2N)2P -C =N- N-P(Ni-Pr2)2 



'C02Me 



( 197 ) 



C02Me 



S N-N 



(/-Pr2N)2P ■ 







P(Ni-Pr2)2 



Me02C C02Me 
( 198 ) 




S N-N 

(i-Pr2N)2P^ 3^P(N)-Pr2)2 

A. 

(200) 



(199) 
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73.2.2. Selectivity in Nitrile Imine Cycloaddition Reactions 

Extensive studies on diastereoselectivity in the reactions of 1,3-dipoles such 
as nitrile oxides and nitrones have been carried out over the last 10 years. In 
contrast, very little work was done on the reactions of nitrile imines with 
chiral alkenes until the end of the 1990s and very few enantiomerically pure 
nitrile imines were generated. The greatest degree of selectivity so far has been 
achieved in cycloadditions to the Fischer chromium carbene complexes (201) 
to give, initially, the pyrazoline complexes 202 and 203 (111,112). These 
products proved to be rather unstable and were oxidized in situ with pyridine 
N-oxide to give predominantly the (4R,5S) product 204 in moderate yield 
(35-73%). 



(CO)5Cr 



ORi ORi 





(a) R* = menthyl 

(b) R* = (-)-8-phenylmenthyl 



PNO 



OR' 




OR' 




High levels of regioselectivity were achieved for both 201a and 201b but only 
the latter gave useful levels of diastereoselectivity ( > 95:5 for a wide range of 
substituent variations). This contrasts with the corresponding reaction of ethyl 
cinnamate, which gave both regioisomers. A very high level of stereoselectivity has 
also been achieved by the complementary use of chiral substituents on both 
reactants. Thus stereoselectivity in the reaction of the nitrile imine 206 derived 
from D-galactose phenylhydrazone was enhanced by the use of chiral acrylic esters 
and amides as dipolarophiles. Only low diastereoisomeric excesses (de) (8-23%) 
were obtained with (+) and (— ) menthyl acrylates and {\R)-endo-ftnchy\ acrylate 
but the use of Oppozer’s A-acryloyl-(— )-camphor sultam (207) gave 208 only, a de 
of 100% (113). The (+) isomer, however, constituting a mismatched pair, gave a de 
of only 59%. 
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(208) 

Pairs of diastereoisomeric pyrazolines have been formed with modest stereo- 
selectivity in a number of reactions. The reaction of the chiral acrylic ester 209 with 
the stable nitrile imine 23 gave the products in a ^ 3:1 ratio in 60% overall yield 
(18). In the addition of nitrile imines to the double bond in 2-vinylcarbapenem 
( 212 ), the products, separable by chromatography, were formed in a ^ 2:1 ratio 
(114). Similar selectivity was achieved using the chiral alkenone 210 and related 
reactants; the best being a 70:30 ratio for the reaction with 213 (R^ = C02Et) (1 15). 
The complementary effect of the presence of chirality in the nitrile imines was also 
investigated using the novel species 213 [R^ = C02-menthyl, C02CH2CH(MeEt)], 
derived from enantiomerically pure hydrazonyl chlorides, but it was found that this 
had little influence on stereoselectivity. 




O 

(209) (210) 




( 212 ) 
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Enantiomerically pure nitrile imines (211) have also been generated by the lead 
tetraacetate oxidation of aldehydo sugar p-nitrophenyl hydrazones. Reaction with 
methyl acrylate gave the pyrazolines as a 1 : 1 mixture of the (55) and (5R) epimers, 
which were resolvable in some cases (116). 

Complexation has been utilized to control site selectivity. The iron tricarbonyl 
complex 216 reacts with nitrile imines only at the cyclobutene double bond, 
whereas the uncomplexed analogue reacts at all three sites (117). 




(CO)3 



(216) 



Ph3SiN=SO 

(214) 

Ph3Si^ 'P 
N-S 

(217) 



Ph 

C1P = C' 

"tms 

(215) 



Ph 



N 

(218) 



Ph 

^'Ph 



Nitrile imines have been added to Ceo fullerene (118-120); the N=S bond in the 
triphenylsilylsulfinylamine 214 to give 217 (75%) (121), and the P=C bond in 215 
to give 218 (84%) after the elimination of trimethyl silyl chloride (122). 



73.2.3. Cycloaddition of Nitrile Imines to Heterocycles 

In most cases, the cycloaddition to double bonds in heterocyclic rings is 
uncomplicated by side reactions and often goes with a high degree of peri- and 
regioselectivity. Where this is the case the chemistry is not discussed in detail but 
the structures of representative dipolarophiles are given with the reaction site 
indicated by arrows (full arrow = C-terminus, broken arrow = N-terminus). Reac- 
tions occurring with endocyclic double bonds are discussed for the various ring 
sizes in order, and then those at exocyclic bonds. The area was reviewed in 1994 
(123). 



Cycloaddition to Four-Membered Heterocycles 



Nitrile imines generated by the benzaldehyde phenylhydrazone-chloramine-T 
route have been added to 1-azetines (219) (X = 0, S) (95,124). However, the 
adducts 220 (X=0, S) proved to be less stable than those derived from nitrile 
ylides (186) (94) and in many cases fragmented spontaneously to give the 5- 
butenyl- 1,2,4-triazoles (221) as the isolated products. It was found, however, that 





Cycloaddition to Six-Membered Heterocycles 

Pyridine (233), quinoline (235), and isoquinoline (236) all react at their C=N 
bonds with complete regioselectivity to give mono adducts in high yield (132). The 
bis(adducts) (e.g., 234) are not significant byproducts under normal conditions but 
can be formed as the major product when a fourfold excess of nitrile imine is used 
(133). The mono- and bis-adducts of pyridine undergo interesting rearrangements 
on heating (133). 




(233) (234) (235) (236) 



Pyrimidines (237) react to give monoadducts but in the case of pyrazines (238) 
the monoadducts proved to be highly reactive to further cycloaddition (134). The 
5-substituted pyridazinones (239) (X=EtS02, I, pyrrolidino, Cl) undergo cycload- 
dition to the C=C bond as shown followed by elimination of HX to give fused 
pyrazoles (135). 




(240) 



(241) 
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reactions. Recent work has focussed on diastereoselectivity and the reactions of 
chiral nitrile imines. The area was reviewed in 1998 (164). 



Three- Atom Tether 

Intramolecular cycloaddition of nitrile ylides to olefinic dipolarophiles linked to 
the dipole by a three-atom chain leads to pyrazoles fused to five-membered rings. 
Work on stereoselectivity in such reactions has been carried out using the reactant 
266 in which the alkene moiety is linked to the C-terminus via a tether that 
incorporates an enantiomerically pure (R) stereogenic group (165). Both diastereo- 
isomers 267 and 268 were isolated and it was found that the reaction showed 
moderate stereoselectivity favoring 267. 



ArN 



=N=C^ 



COzMe 

( 266 ) 




The analogue 269 reacted via a remarkable intramolecular cycloaddition to the 
thiophene ring to give 270 as the primary product, which was then partially 
consumed by intermolecular cycloadditions of 269 to both the pyrazole C=N and 
the residual thiophene C=C to give 271 and 272, respectively (166,167). 




( 272 ) 
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The isoxazole analogue 273 underwent a similar process via a completely 
periselective intramolecular reaction with the C=C of the isoxazole (Isox) 
(168). 




(275) 



However, in this case none of the primary product 274 was isolated but reacted 
further by cycloaddition exclusively to the pyrazole C=N to give 275. 

Four-Atom Tether 

Reactants in which the N terminus of the dipole is linked by a four-atom chain to 
a dipolarophile (e.g., 276) lead to pyrazolines or pyrazoles 277; or 1,2,4-triazoles 
(278) fused to a six-membered ring. Examples have been reported where X=S 
(169) [and for a pyrazolo fused analogue (170)], X=SO (171), X^SOj (172), 
X = N (173), and X=0 (174-176). The case where X=S (169) is interesting in that 
reaction of 279 at room temperature led to the benzothiadiazines 281 via 
nucleophilic attack of the S atom, followed by a [2,3]-sigmatropic shift. However, 
this process was reversed on heating to give 282 as the thermodynamic product. 




(276) 



(277) 



X 

(278) 
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(282) 

The sulfinyl analogues 283 , however, did not follow a similar path but gave the 
cycloadducts 284 directly (171). This reaction showed surprisingly strong stereo- 
selectivity in the case where R = Me to give only the anti product 284 (R=Me). 




(283) (284) 



Five- Atom Tether 

Extension of the linkage to five atoms as in 285 provides routes to pyrazolines or 
pyrazoles 286 , or 1,2,4-triazoles 287 , fused to a seven-membered ring. The 
products are potentially biologically active and examples have been reported for 
X = N (177-181), X=0 (181-185) and for a pyrazolo fused analogue (186) and 
X = S (187). In some cases, [e.g., (183)], these reactions are accompanied by tandem 
intramolecular-intermolecular reactions leading to the formation of macrocycles 
(see the section Tandem Intermolecular-Intramolecular Cycloaddition Reactions). 



R R 




(285) 



(286) 



(287) 
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+ 





Longer tethers, as shown in structures 297a, b have yielded pyrazoline fused 
macrocycles with 9-13-membered rings (188). Reactants of type 297a gave 298 
(11-28%) while those of type 297b gave 299 in much higher yields (39-56%), 
possibly due to higher conformational flexibility in the side chain. The acetylenic 
analogue of 297a (Z = CH 2 CH 2 ) gave the pyrazole corresponding to 298 (26%). 




N=N=CC02Me 



(a) CO-O-Z-O-C- 

(b) O-Z-O-C— = 



(297) Z= 



(CH2)2 

(CH2)20(CH2)2 

o-CgH4 



C02Me 




(298) 

CO2R 




Tandem Intermolecular-Intramolecular Cycloaddition Reactions 

Reactants with long tethers (e.g., 300) can also take an alternative path involving 
hrst an intermolecular cycloaddition with the hydrazonyl chloride precursor to 
give 301 followed by an intramolecular cycloaddition to give the his(pyrazolocy- 
clophanes) (302) (73). Byproducts of this type were also been reported in earlier work 
(183,188). 
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O 



o 



Ar 



-N=N=C^ 



O 



( 300 ) 



(CH2)„ 




0-CH2)„- 



^C=N-NHAr 
O Cl 






( 301 ) 



Ar, 



( 

Agjcoj q 



N-N 

W 



W 

N— N 



q 

o 

)n 



Ar 



( 302 ) 



Ar, 




( 303 ) 



( 304 ) 



( 305 ) 



Reactants of type 303 gave similar reactions and, interestingly, the enantiomeri- 
cally pure example 304 reacted via a fully diastereoselective cycloaddition in the 
first step leading to 305 (66%) (189). 

7.4. ELECTROCYCLIZATION REACTIONS 

7.4.1. Electrocyclization Reactions of Nitrile Ylides 



Some interesting new chemistry has been produced on the well-known 1,5- 
electrocyclization reaction of alkene-conjugated nitrile ylides but the greatest 
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volume of work has been concerned with the reactions of systems with extended 
conjugation that provide good routes to fused azepines and other heterocycles. 



7.4. 1.1. Alkene-Conjugated Nitrile Ylides 

Ab initio and density functional calculations have been carried out on the 
mechanism of the 1,5-electrocyclization reactions of conjugated nitrile ylides (190). 
The results indicate that vinyl-conjugated systems ( 306 ) (X=CH 2 ) cyclize via the 
classical electrocyclization pathway — a pericyclic, monorotatary process with a 
relatively early transition state in which there is substantial torsion of the vinyl 
group as well as pyramidalization at C(5). In contrast, systems with a heteroatom at 
the cyclization site 306 (X=NH, O) react via a pseudo-pericyclic process that is 
characterized by the in-plane attack of the lone pair of the heteroatom on the nitrile 
ylide. Such reactions have a lower activation energy. 

H H 

-C N^x 

H 

(306) (307) 

Reactions of this type have been used in the construction of the pyrrolylfuran 
derivatives ( 309 ) (R=H, 57% and R=C1, 24%) using nitrile ylides generated by 
the imidoyl chloride-KOt-Bu method (191). This reaction was a key step en route 
to simplified analogues of roseophilin, however, the reaction failed for the 
derivative with a methoxy group at the 4 position of the furan ring. 




A similar 1,5-electrocyclization involving an aromatic ring was observed for 
the nitrile ylide 310 (R^ = Ph, R^ = Me) (66). This reaction gave 311 as the initial 
product, which then rearranged via a 1,3-hydrogen shift to give the isoindole 

312 . 
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(312) 



The intermediacy of the nitrile ylide was demonstrated by a trapping experiment 
using methyl acrylate in which it was found that the formation of 312 was entirely 
suppressed. Interestingly and unexpectedly, the nitrile ylide 310 (R*=Me, R^ = Ph) 
failed to follow a similar path and reacted only via cycloaddition of the nitrile ylide 
to the double bond of the precursor azirine 313 to give 314 . Its failure to undergo 1,5- 
electrocyclization was attributed to steric destabilization of the required syn isomer. 

The synthesis of oxazoles via the reaction of a-diazoketones 316 and esters (e.g., 
315 ) with nitriles in the presence of a copper catalyst has been modified by the 
replacement of copper with rhodium(II) acetate. This is a further example of the 
generation of nitrile ylides by the reaction of nitriles with carbenes-carbenoids. 
Dimethyl diazomalonate ( 315 ) was found to react with a wide range of nitriles to 
give the oxazoles ( 317 ) (R* = OMe, R^=C02Me) in generally moderate to good 
yield, formed by 1,5-electrocyclization of the carbonyl-conjugated nitrile ylide 
intermediates 318 (R^ = OMe, R^=C02Me) (192). The analogues 318 (R^ = Ar, 
R^ = H), formed from the diazo-ketones ( 316 ), reacted in a similar way (193,194) 
but could also be partially intercepted by reaction with DMAD to give the adduct 
319 (R*=Ar) in low yield. In neat benzonitrile, the reaction gave 317 (R=Ph, 
R'=Ar, r 2 = H) (62%) and 319 (E = C02Me, R=Ph, R^ = Ar) (11%). The inter- 
ception provides convincing experimental evidence for the intermediacy of the 
acyl- substituted nitrile ylide in these reactions. A higher cycloadduct-oxazole ratio 
was obtained using diazoacetates but the overall yields were lower. The use of 
N,N-disubstituted cyanamides R^R^NCN (R^R^=H, Me, Et, Ph, i-Pr in various 
combinations) in place of benzonitrile similarly gave 2-aminooxazoles ( 317 ) 
(R = R^R"^N) in generally high yields but, cyanamide itself and monosubstituted 
derivatives, gave only low yields (195). 
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(Me02C)2CN2 ArCOCHN 2 




(317) (318) (319) 



Similar products (e.g., 320) (R=Et), formed in the same way from ethyl 
diazoacetate, were detected in NMR spectra of the reaction mixtures but did not 
survive chromatographic workup. However, the addition of DMAD to the crude 
product gave rise to the adduct 322 in 58% yield, most likely formed via an 
equilibrium between the oxazole and the nitrile ylide as shown. Further work 
showed that the presence of a bulky ester group had a strong stabilizing effect on the 
oxazole ring [e.g., when R = t-Bu, adamantyl or 2,6-di-tcrt-butyl-4-methylphenyl 
the corresponding heterocycles 320 were isolated in 49, 33, and 25% yields, 
respectively (196)]. On heating in the presence of DMAD, they gave adducts 322 
and on reaction with methanol gave, for example, 323 in virtually quantitative yield. 
Kinetic studies supported a mechanism in which the methanol attacks the nitrile 
ylide rather than the oxazole itself. 



RO 




N(i-Pr )2 



(320) 



ROCOCH-N = CNi-Pr2 
(321) 



R = f-Bu j MeOH 
OMe 



Ni-Pr, 



f-Bu02CCH-N-C. 



H 



(323) 



DMAD 



E E 

Xi- 

ROCO^j,^-^N(i-Pr)2 



I 

H 



(322) 



7.4. 1.2. Diene-Conjugated Nitrile Ylides 



P 

a 



y 8 




CH-N = C-Ar 




(324) 



(325) 
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Extensive work has been carried out on the 1,7-electrocyclization of diene- 
conjugated nitrile ylides ( 324 ) leading to fused heterocyclic systems containing the 
azepine ring ( 325 ). Reactions of this type for all 1,3-dipoles have been reviewed 
(197,198). 

Reactants in which both the a,P and the y,8 bonds were aromatic in character 
[e.g., 326 (R = H; R' = OMe, Cl; Ar=Ph, 2 -CIC 6 H 4 , 4-MeCgH4, 2 -FC 6 H 4 , 3,4-di- 
MeOCeHs)] cyclized readily in a two-step process to give dibenz[c,c]azepines 
( 328 ) in high yields (67-90%) (58,199). This result contrasts with the reactions of 
the analogous diazo compounds that did not cyclize but instead reacted via loss of 
nitrogen. Interestingly, the presence of an ortho methyl group (e.g., 326 ) (R=Me) 
prevented cyclization by its steric inhibition of conjugation in the transition state, 
with the result that the nitrile ylide reacted only via dimerization. 



R' 




(326) (327) (328) 



The nitrile ylides were generated from amides via the imidoyl chloride-base 
method and hence the reaction is, overall, the electrocyclic equivalent of a 
Bischler-Napieralski type of process. However, it has the advantage that it is 
effective for cyclization on to both electron-rich and electron-poor aromatic rings, 
unlike the Bischler-Napieralski reaction itself, which is an electrophilic process 
and only works well for electron-rich rings. 




(329) 




CH-NECPh 
- + 




( 331 ) 
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The method was extended to systems in which either of the benzene rings were 
replaced by a five- or six-membered heterocycle (e.g., 329 and 331 ) thus giving 
effective routes to fully unsaturated heterocyclo[<i][2]benzazepine systems (61) 
[e.g., 330 (65%) and 332 (81%)]. The combination of this cyclization process with 
the use of Pd(0) catalyzed cross-coupling to prepare the required biaryl starting 
materials provides an easy general route to such systems. The reactions of 329 and 
331 again illustrate the capability for cyclizing at both electron-rich and electron- 
poor sites. This facility was further examined and quantified by carrying out 
intramolecular competition experiments using reactants of the type 334 in which 
the rate of reaction of a substituent A (alkenes, substituted aryl rings and various 
heterocycles) was measured relative to that of an unsubstituted phenyl group via 
determination of the product ratio 333:335 (200,201). 




(334) 



Alkenyl groups and the thiophene ring were, predictably, found to be >100x 
more reactive than the phenyl group since the rate of cyclization might be expected 
to be related to the double-bond character of the Y,§-bond. However, more 
surprisingly, in cases where the A substituent was a substituted aryl group it was 
found that all aromatic substituents at the 3'- and 4'- positions, irrespective of their 
electronic nature, increased reactivity compared to the unsubstituted phenyl group. 
The effect was strongest for 3' substituents (NO2 > 100, OMe 5.6, MS-CF3 32, bis- 
CH3 8.3) and weak for 4' substituents [e.g., 2.8 (CF3), 1.5 (CH3)]. Carbonyl ylides 
did not show the same pattern of reactivity (202). 

The related system 336 with an olefinic a,P-bond cyclized in a similar way to 
give the 3//-2-benazepines ( 337 ) (203). Deuterium labeling studies showed that the 
cyclization step is irreversible. 





R 



Ph 



(336) 
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Interestingly, the 1,7 cyclization path was completely dominant in these reac- 
tions whereas the analogous diazo- compounds (336; N for CPh) reacted only via 
1,5-electrocyclization to give pyrazoles. This difference in periselectivity may be 
due in part to the presence of the bulky phenyl group on the attacking carbon of the 
nitrile ylide. However, it may also reflect a difference in the ease of in-plane 
bending for the two dipoles that is related to the relative strengths of the orthogonal 
71 bonds. Some work has also been done on systems related to 336 but with the 
dipole moiety inverted. It was found that they do not undergo cyclization but react 
by what is formally a dimerization reaction to give an imidazole (204). 

Extensive work has also been carried out on the system 338, which has an 
oleflnic y, 5-bond, again using the imidoyl chloride generation route (205). This 
result confirmed an early report by Padwa that the unsubstituted system 338 (R^, 
R^ = H), generated by azirine photolysis, cyclized by 1,1 -cycloaddition to give the 
corresponding cyclopropa[c]isoquinoline 340. By the use of a variety of substi- 
tuents R^ and R^, it was shown unambiguously that the reaction is entirely 
stereospeciflc. This parallels earlier results for the 1,5-electrocyclization of 
alkene-conjugated nitrile ylides. The products 340 were found to be quite stable 
at room temperature but rearranged on heating. Thus, for example, the exo and endo 
isomers 340 and 342 underwent a relatively rapid equilibration via 341 at 60 °C 
and, when either R^ or R^ = H, both decayed slowly to give the l//-2-benzazepine 
(339) in quantitative yield via a [l,5]-hydrogen migration. 




Analogues 343 with R^ =H but without a migratable hydrogen (R^, R^ ^ H) gave 
5//-2-benzazepines (345) via a walk rearrangement followed by ring expansion. 
However, in cases where either R^ or R^ was a methyl group, then the presence of a 
group larger than hydrogen in the R^ position (Me or Et) served to divert the 
reaction completely into another path leading to the 4-alkenyl- 1,4-dihydroisoqui- 
nolines (346) via a homo[l,5]-sigmatropic hydrogen shift (59). 
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(345) 



(R^, # H) 



7.4. 1.3. Triene-Conjugated Nitrile Ylides 

When the conjugation is further extended, as in the triene-conjugated nitrile 
ylides (347), it is interesting that 1,1 -cycloaddition still appears to be the favored 
primary process. In the case of the cis isomers 347 [R\ R^ = Me, Ph or (CH 2 ) 3 ; 
R^ = Ph, Me, C02Me] the proximate products (348) were not isolated but rear- 
ranged spontaneously via an aza-Cope process to give the bridged isoquinolines 
(349) in moderate yield (20-65%) (60,206). 




(350) 



(351) 



(352) 
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However, the trans reactants 350 gave the exo isomers 351 as isolahle products. 
On heating, the latter reacted by two paths, either via exo/endo equilibration (cf. 
340/342) forming 348, which rearranged to give the bridged isoquinolines (349), or 
via a more complex path leading to the azabenzo[3,4]barbaralanes (352). The 
factors controlling the partitioning between these two pathways are not fully 
understood but it appears that the latter predominates in cases where the endo 
isomer 348 is sterically disfavored by the presence of two non-hydrogen sub- 
stituents R' and R^. 



7.4.2. Electrocyclization Reactions of Nitrile Imines 

Virtually all the basic work on 1,5- and 1,7-electrocyclization reactions of 
conjugated nitrile imines had been done before the mid-1980s but it is covered 
effectively in general reviews on 1,7-electrocyclization reactions (197,198) and in a 
review on intramolecular reactions of nitrile imines (164). Some of this chemistry is 
illustrated by the reactants 353 in the following scheme (207). The examples that 
have a trans cyano group were converted into the 1,2-benzodiazepines (355) while 
the ones with a cis cyano group provided an internal competition between 1,1- 
cycloaddition to the y, 5-double bond to give 356 and intramolecular cycloaddition 
to the cyano group to give 357. In cases where R^ = H the competition favored 357 
but this was reversed when R^=Ph. 




(356) 



(357) 



Similarly the nitrile imines 359 and 362, formed by thermal rearrangements 
from 358 and 361, respectively, cyclized via 1,7-electrocyclization to give 360 (55- 
88%) (208) and 363 (30-68%) (209). 
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Reaction of dichorobenzaldoxazine with sodium azide followed by 1-propa- 
nethiol-triethylamine gave the tetrazine imide 367 as the major product. Its 
formation is thought to involve the reaction sequence shown which includes an 
unprecedented electrocyclization of the nitrile imine 366 as the hnal step (210). 



Ph 


Ph 


A" 


Ph 


-^N 


A 

Cl ^ N 


CPh 

p^c ^N ^ 1 1 1 

' N N+ 


PrS^^'N A 






1 1 

n^n_ 


► II 


Ph 


Ph 


Ph 


Ph 


(364) 


(365) 


(366) 


(367) 



7.5. REACTIONS WITH NUCLEOPHILES 

7.5.1. Reactions of Nitrile Ylides with Nucleophiles 



It has been known for a long time that nitrile ylides react with alcohols to give 
alkoxyimines (e.g., 372). Recent LFP studies (211,212) have conhrmed that the 
azaallyl cation 370 is an intermediate in this reaction. 
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(368) 



+ ROH 
slow 



hv _ + +ROH ^ + 

ArC-N-CH2 ► ArCH- CH2 

^ -RO“ N 



(369) 

+ ROH 

ArCH_^ ^CH2 

N fast 

H 




(371) 



(370) 

ArCH=N-CH20R 

(372) 



It was found that the rate of the protonation step depended on both the acidity of 
the alcohol and the nature of the substituent on the nitrile ylide. After protonation, 
the azaallyl cation 370 might have been expected to react rapidly with the alkoxy 
anion but, instead, it was found that it decayed according to pseudo-first-order 
kinetics via reaction with an alcohol molecule at a rate which depended on the 
alcohol pa's- The overall mechanism proposed (212) is shown in the scheme. 



7.5.2. Reactions of Nitrile Imines with Nucleophiles 



The reactions of nitrile imines with nucleophilic reagents in which the addition 
is followed by cyclization of the primary product, provide a useful route to 
heterocycles. In most of these reactions, the experiments were carried out by the 
treatment of hydrazonyl chlorides, as nitrile imine precursors, with triethylamine in 
the presence of the nucleophilic reagent. The originators generally made the 
assumption that it was nitrile imines rather than the hydrazonyl chlorides that 
were the reacting species. 

This general process is illustrated by the addition of a range of a-aminoacid 
esters (374) to the nitrile imine 373 (R = Ac, COaMe, COPh; R^=p-X— C6H4), 
which proceed with no detectable racemization to give the chiral l,2,4-triazin-6- 
ones (376) in high yields (213,214). 



r-c=n-n-r‘ 

(373) — 

-H R^NH-C-C02Me 
R^ R^ 



N-NH-R 






R 



N 

2' 



C02Me| 
R"^ 



R^ 



r' 



N-N 




= 0 

r4 



(374) 



(375) 



(376) 




528 



Nitrile Ylides and Nitrile Imines 



On the basis of earlier work on the addition of primary and secondary amines, it 
was suggested that the primary products are the amidrazone adducts 375, which 
cyclize under the reaction conditions to give 376. P-Aminoesters gave acyclic 
adducts analogous to 375. Alkoxycarbonylhydrazides (e.g., 377) undergo a similar 
addition step to give 378. These products, however, failed to cyclize via nucleo- 
philic substitution on the ester group but, remarkably, when R^ = Me, underwent 
thermal oxidative closure on heating with charcoal to give 379 (215). 



NH-N-C02Et 

r3 



(377) 



(373) 
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N-N 
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(378) 



R^ 
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R' 

N-N 

R~(( ) 

N-N 



R^ 



C02Et 



(379) 



Methyl hydrazones of a wide range of aldehydes and ketones (380) undergo 
addition-cyclization to give 1,2,4,5-tetrazines (382) via 381 (216-219). Substituent 
effects on the ring-chain tautomerism between 381 and 382 were studied by NMR 
spectroscopy. 
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The analogous hydrazones (383), however, gave only the acyclic adducts (384) 
(220). The latter failed to cyclize when heated in ethanol but did undergo oxidative 
cyclization when treated with Pd on carbon to give 385. 
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Nitrile imines also undergo nucleophilic attack by enamines [e.g., the ketene 
aminals (386) that react to give the pyrazoles 388 (221)]. The intermediate adduct 
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387 was isolated when Ar= 2 , 4 -di-N 02 — C 6 H 3 . The alternative concerted cycload- 
dition pathway was ruled out hy using an analogue of 386 (R^, in which 

tautomerism was prevented. 




(386) (387) (388) 

Enamine-type addition has also been observed in 1,2-diazepines (222) and in the 
intramolecular sense in the reaction of the tetrazole-derived nitrile imine 389 (223). 



t-Bu 

I 

-N, 




N 



,Nr-Bu 



r-Bu 




N-N 




o 



Some earlier contradictory results concerning the reactions of N-unsubstituted 
azoles have been clarified (224,225) and it has been shown that pyrazole, imidazole, 
1,2,4-triazole, and benzotriazole all undergo nucleophilic addition to give (e.g., 
392) from pyrazole and 373 (R, R*=Ph). 




When nitrile imines 373 (R=C02Et, R^ = Ar) are generated in the presence of 
N-methylindole from hydrazonyl chlorides using an excess of butyllithium, then the 
organolithium derivative 393 reacts exclusively via nucleophilic addition to give 
394 (226). However, when a Grignard reagent is used as the base then cycloadducts 
are also formed in a rapid process involving addition to a complex of the indole and 
the Grignard reagent [see also (78)]. These additions showed the opposite regio- 
selectivity to that expected but the yields of the adducts were rather low. 

Trifluoroacetylacetonitrile (396) can also react with nitrile imines 395 via two 
reaction paths depending on their structure. Those with an electron donating N 
substituent reacted via cycloaddition to the enolic double bond to give 397 while 
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those containing an electron-withdrawing group reacted via nucleophilic addition 
of the enolate anion to give 398, which subsequently cyclized to give 399 (227). 



RCO-CEN-N-C 6 H 4 -(p-X) h- CF 3 COCH 2 CN 
(395) (396) 




The long-established multistep [3-1-3] reaction of a,(3-unsaturated P(III) com- 
pounds with nitrile imines leading to phosphorodiazo heterocycles has been 
reviewed (228) and further extend to the reactions of 400, which lead to 402, 
(229) and references cited therein. 
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7.6. CONCLUSION 



Over the last 25 years both nitrile ylides and nitrile imines have continued to 
provide fascinating and synthetically useful chemistry. In both cases, the exploita- 
tion of [3 -I- 2] -cycloaddition chemistry with an increasing range of dipolarophiles 
has continued as a key route to five-membered heterocycles. The major develop- 
ment of new chemistry, however, has been in the extensive exploration of 
intramolecular reactions both in cycloaddition chemistry and in the electrocycliza- 
tion of 1,3-dipoles with extended conjugation. Such chemistry harnesses the unique 
reactivity of 1,3-dipoles in the synthesis of relatively elaborate structures but does 
require the design and preparation of quite complex reactants containing both the 
1,3-dipole precursor and the dipolarophilic component. However, access to this 
chemistry is becoming much easier via the application of new synthetic procedures 
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(e.g., Pd(0) catalyzed coupling reactions) and this will increasingly extend its 
application to a wider range of synthetic targets. 

The extent to which the two 1,3-dipoles have been utilized in synthesis is clearly 
related to the ease with which they can be generated and the range of substituents 
available. Thus, the use of nitrile imines in cycloaddition reactions has far exceeded 
that of nitrile ylides. The main routes to the latter via the dehydohalogenation of 
imidoyl chlorides and the photolysis of azirines have continued to provide good 
service, but they have well-known limitations. Attempts to find new and better 
routes have led to much ingenious and interesting chemistry and have produced some 
highly effective routes to nitrile ylide synthons. However, the only really new route 
to true nitrile ylides to emerge has been the direct route via the reaction of carbenes 
or carbenoids with nitriles. The potential of this route is obvious but, while much 
mechanistic work has been done, the exploitation of this reaction in a synthetic 
sense and in the invention of new chemistry has been very limited thus far. 
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Diazoalkanes 



The history of cycloaddition chemistry using aliphatic diazo compounds began 
in the 1890s when Buchner (1) and von Pechmann (2) reported that ethyl 
diazoacetate and diazomethane underwent cycloaddition across carbon-carbon 
multiple bonds. Ever since that time, diazo compounds have occupied a major 
place in [3 + 2] -cycloaddition chemistry (3,4). For a long time, diazo compounds, 
as well as organic azides, have been one of the more synthetically useful classes of 
1,3-dipoles. No doubt this was because many different mono- and disubstituted 
diazo compounds could be prepared (Scheme 8.1) and isolated in pure form, in 
contrast to other 1,3-dipoles that are typically generated as transient species. 

The achievements dealing with the cycloaddition chemistry of aliphatic diazo 
compounds up to the year 1982 have been summarized in an in-depth review (5) 
that contains more than 700 references. This chapter covers the literature from 1983 
to the spring of 2001. A few earlier references are included where it seemed 
appropriate to put things in context. 

During the past two decades, diazo compounds have been extensively used as 
substrates for transition metal catalyzed reactions. These include both intra- and 
intermolecular reactions with multiple-bond systems (6-8). In addition, substantial 
progress with 1,3-dipolar cycloaddition chemistry of the intact diazo function with 
7i-bonds of alkenes has been made as well. Major developments include their 
reaction with novel dipolarophiles, in particular of functionalized alkenes, alkynes, 
phosphaalkenes, and phosphaalkynes. Among the diazo compounds that have 
emerged as versatile cycloaddition partners, diazo(trimethylsilyl)methane 
(TMSCHN 2 ) and its lithio derivative [TMSC(Li)N 2 ] (9-11) as well as the 
structurally novel diazocumulenes (12) of the types R 2 C=C=N 2 and R 3 P=C=N 2 
deserve special mention. The commercially available TMSCHN 2 is a safe, 
nonexplosive and nonmutagenic substitute of diazomethane, and its cycloaddition 
abilities can be greatly expanded by metalation with butyl lithium. 

Due to space limitations, it is not possible to provide a comprehensive coverage 
of all 1,3-dipolar cycloaddition chemistry carried out using diazo compounds over 
the past two decades. Rather, attention will be given to the most signihcant 
developments, including the synthesis of novel heterocyclic systems, the prepara- 
tion of well-established heterocycles (such as pyrazoles and pyrazolines) with novel 
functionalities, as well as stereoselective cycloadditions. A discussion of the 
theoretical, mechanistic, and kinetic aspects of these 1,3-dipolar cycloaddition 
reactions will be kept to a minimum, but references to important work in these areas 
will be given at appropriate places. Authoritative reviews dealing with the 
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classification, mechanism (13) and theory (14) of 1,3-dipolar cycloaddition 
reactions are available in the literature. 

Numerous methods to prepare individual classes of aliphatic diazo compounds 
have been extensively developed. The major strategies for their synthesis involve 
the alkaline cleavage of N-alkyl-Ai-nitroso-ureas, -carboxamides and -sulfonamides, 
dehydrogenation of hydrazones, as well as diazo group transfer from sulfonyl and 
related azides to active methylene compounds, and electrophilic diazoalkane 
substitution reactions. These synthetic methods have been comprehensively 
reviewed (15,16). Useful information on the preparation of selected diazo com- 
pounds can be found elsewhere (6,17). 

8.1. CYCLOADDITIONS WITH C=C BONDS 



Diazo compounds combine with a broad range of alkenes to form 3H-A,5- 
dihydropyrazoles (A^-pyrazolines). Depending on the substitution pattern, some of 
these cycloadducts are stable enough to be isolated. Others undergo rapid tauto- 
merization to give A^-pyrazolines or are transformed into pyrazoles by a 1,2- 
elimination reaction, or extrude molecular nitrogen to form cyclopropanes. A large 
number of examples of these reactions have been presented in an earlier review (5). 
Olefinic ti - bonds continue to be used as substrates for the cycloaddition chemistry 
of diazo compounds. Since it is not possible to review the results comprehensively, 
we will limit this survey to interesting developments using novel diazo compounds 
and novel olefinic substrates, as well as examples of stereoselective cycloaddition 
reactions. Some general remarks on the reactivity of diazo dipoles toward alkenes 
will be given first. 



8.1.1. Reactivity and Regioselectivity 

The reactivity of diazo compounds toward olefins is nicely rationalized by 
frontier molecular orbital (FMO) theory (14,18). According to this concept, 
cycloadditions of simple diazoalkanes are highest occupied molecular orbital 
(HOMO, dipole)-lowest unoccupied molecular orbital (LUMO, dipolarophile) 
controlled. Diazomethane cycloadditions are generally accelerated with respect to 
ethylene by electron- attracting substituents on the olefin and decelerated by 
electron-donating ones. Cycloadditions of diazoacetic esters and diazomalonates 
are accelerated by both types of substituents on the olefinic 7i-bond due to the 
control by frontier orbital interactions (i.e., HOMO(dipole)-LUMO(dipolarophile) 
and HOMO(dipolarophile)-LUMO(dipole). With diazomalonates and diazo(phe- 
nylsulfonyl)acetates, the latter interaction is of greater importance, so that the rate- 
increasing effect is more pronounced for electron-rich than for electron-deficient 
C=C bonds. Electron-releasing substituents at the diazo function raise the HOMO 
energy of the dipole thereby accelerating the cycloaddition (19). Dipolar cycload- 
ditions of diazo(phenyl)methane, diazo(diphenyl)methane, and their substituted 
derivatives with both alkenes and alkynes are also controlled by the HOMO 
(dipole)-LUMO(dipolarophile) interaction (20). 
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In this context, note that the cycloaddition rate of a crown ether-annulated 
diazo(diphenyl)methane such as 1 with maleic anhydride is ion-selectively retarded 
in the presence of alkali perchlorates (21). This observation was attrihuted to a 
lowering of the HOMO (dipole) level, due to the electron-withdrawing electrostatic 
effect of the complexed cation. A parallel to the negative Hammett p values for 
cycloadditions of ring-substituted diazo(diphenyl)methanes with TONE (22) (p = 
—2.67) and chloranil (23) (p = —1.67) was drawn. 




Diazo compounds add to many types of C=C bonds with (nearly) exclusive or at 
least predominant formation of one of the two regioisomeric cycloadducts. As a 
typical example, monosubstituted olefins react with diazomethane to preferentially 
give 3-substituted A*-pyrazolines, regardless of the electronic nature of the 
substituent. Based on second-order perturbation theory, the results can be rationa- 
lized by consideration of the magnitude of the orbital coefficients on the frontier 
molecular orbitals of the reactants (13). There are cases, however, where this 
approach does not correctly predict the regiochemistry (e.g., the formation of 
3-ethoxypyrazoline from ethyl vinyl ether and diazomethane). Using a pertur- 
bational treatment that included polar interactions, covalent stabilization and 
noncovalent repulsion terms, Sustmann et al. were able to show that closed-shell 
repulsions have an important effect on the regioselectivity of 1,3-dipolar cycloaddi- 
tions (24,25). Distortions of the dipolarophile in the regioisomeric transition 
structures, caused by these noncovalent interactions, result in FMO interactions 
that favor the formation of 3-ethoxypyrazoline. In an alternative approach, based on 
calculations carried out mainly at the HF/3-21G level, the regioselective formation 
of 3-methoxypyrazoline was traced to the heteroallyl-type 4tt conjugation in the 
O— C=C unit of methyl vinyl ether and its different perturbation by the two 
regioisomeric approaches of the dipole. It was concluded that this perturbation 
begins well in advance of the transition state and is more favorable when a C— N 
rather than a C— C bond is formed at the a-C atom of the enol ether (26). 

Not unexpectedly, predictions on reactivity and regiochemistry based on a FMO 
treatment can be overruled by steric effects (13). The change in reactivity may be 
illustrated by the following example: 2-Phenylsulfonyl-norbornadiene reacts with 
2-diazopropane at the electron-dehcient C=C bond, as expected. However, 
2-phenylsulfonyl-3-trimethylsilyl-norbornadiene reacts with the same dipole at 
the unsubstituted double bond, probably as a result of the steric bulk of the 
trimethyl silyl group (27). 
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The potential energy surface involving the gas-phase cycloaddition of diazo- 
methane with ethylene has recently been investigated using density functional 
theory and coupled cluster [CCSD(T)] calculations (28,29). Combining these 
results with the configuration mixing model of Pross and Shaik, it was concluded 
(29) that the singlet-triplet splitting of diazomethane (and of other 16-electron 
dipoles as well) correlates strongly with the reactivity of the dipole and the 
exothermicity of the reaction. Electropositive substituents tend to lower the 
singlet-triplet gap and facilitate the cycloaddition. 

8.1.2. Diazo Dipoles 



Diazomethane continues to be widely used in cycloaddition chemistry with 
alkenes, especially with a view to subsequent transformation of the resulting A'- 
pyrazoline into a cyclopropane. Diazo(trimethylsilyl)methane has gained impor- 
tance in recent years as a commercially available and less problematic substitute of 
diazomethane. It undergoes 1,3-dipolar cycloaddition with ethylene (30), acryloni- 
trile (31), a,P-unsaturated carbonyl compounds (32) (including a cyclobutenone) 
(33), 1 -acetyl- l-(4-nitrobenzoyloxy)ethene (34), 1,4-quinones (35), but not with 
1,2-quinones that give benzodioxoles (35). Scheme 8.2 demonstrates that the 
initially formed A^-pyrazolines are usually not isolated due to fast subsequent 
reactions such as tautomerization and oxidative aromatization. Protodesilylation 
often occurs during the actual reaction or during workup. Further cycloadditions 
using this diazo compound are mentioned in various sections of this chapter. 
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X = CN, S02Ph 
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Scheme 8.3 



Metalation of 2 with lithium diisopropylamide (LDA) generates diazo(trimethyl- 
silyl)methyl lithium ( 3 ), which reacts with a,P-unsaturated nitrile 36 and phenyl- 
sulfones (37) to form 3(or 5)-trimethylsilyl-l//-suhstituted pyrazole 4 that can be 
desilylated to furnish pyrazoles 5 (Scheme 8.3). 

The use of 3 also allows for [3 + 2] cycloaddition with enaminoketones (38) 
(Scheme 8.3). When the morpholine-derived enaminoketon 6 was used, a mixture 
of A^-pyrazoline 7 and pyrazole 8 was obtained. Complete transformation of 7 
into 8 was achieved by treatment with water. In the case of the pyrrolidine- 
derived enaminoketone 9 , pyrazole 11 and diazabicycloheptadiene 10 are formed 
competitively. In the formation of the latter compound, reaction of a second 
equivalent of 3 with the carbonyl group of 9 is involved. Reaction of uracil as 
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Scheme 8.4 

well as of 5-substituted uracils and uridines with 3 were also investigated (39). 
Formation of the expected bicyclic 4,5-dihydro-3-silyl-l//-pyrazoles was observed 
in the 5-H, 5-F, and 5 -NO 2 cases, which is analogous to their reactions with 
diazomethane. 5-Bromouracil reacted with 3 to give 3-trimethylsilyl-l //-pyrazolo 
[4, 3 -ri] uracil. 

Diazoacetaldehyde dimethylacetal ( 12 ) has been used as a substitute for 
diazoacetaldehyde in 1,3-dipolar cycloadditions with l-benzopyran-2(F0-ones 
(40), styrene, methyl methacrylate, 1-cyanocyclopentene, and methyl cyclohexene- 
1-carboxylate (41). The resulting A^-pyrazolines were readily transformed in two 
steps into cyclopropanecarbaldehydes [e.g., 13 ^ 14 (Scheme 8.4)]. In a similar 
manner, 3-phenylcyclopropane-l,2-dicarbaldehyde was obtained from the reaction 
of 12 with dimethyleneketal of cinnamic aldehyde. 

[3 + 2] Cycloaddition using the unusually functionalized 2-diazo- 1,1,1 -trifluoro- 
3-nitropropane ( 15 ) could be achieved with methyl acrylate, methacrylic acid 
chloride, and esters (Scheme 8.5), but not with the 1,2-disubstituted C=C bonds of 
p-nitrostyrene, ethyl cinnamate, and 4-methyl-3-penten-2-one (42). In these 
cycloadditions, 15 is considerably less reactive than 2-diazo- 1,1,1-trifluoroethane 




R = Cl:24h 90% (£/Z) = (89:11) 
R = OMe: 168 h 95% (86:14) 

R = OPh: 96 h 70% (100:0) 



Scheme 8.5 



75% (85:15) 
84% (89:11) 
100 % ( 100 : 0 ) 
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Scheme 8.6 



and 2-diazo-l,l,l-trifluoro-2-(/2-tolyl)ethane. With enaminoketones (43) and ethyl 
3-morpholinocrotonate (44), other reaction pathways leading to nitrogen-free 
products are encountered. 

Cyclic diazoalkanes have been used to generate spirocyclopropanes via ring 
contraction of pyrazolines formed in the initial cycloaddition step. Two novel 
examples are the transformation of 3-diazo-2-nitromethylenepiperidine ( 16 ) into 
5-aza-spiro[2.5]octane 17 (45) and the conversion of l-diazo-2-methylenecyclo- 
propane ( 18 ) into methylene-spiro[2.2]pentane 19 (46) (Scheme 8.6). Related 
reactions have also been reported for diazocyclopropane (47) and diazospiropen- 
tane (48). 

Other novel diazo compounds that have been subjected to 1,3-dipolar cycloaddi- 
tion with activated alkenes, and that give unusually functionalized pyrazolines 
(Scheme 8.7), include l-diazo-3-trimethylsilylpropan-2-one ( 20 ) (49), 2-diazo- 
methyl-4(5//)-furanones ( 21 ) (50), methyl 2-diazo-5-methylanilino-5-oxopentano- 
ate ( 22 ) (51), 2-(acylamino)-2-diazoacetates ( 23 ) (51), ethyl 2-diazo-4,4,4- 
trichloro-3-(ethoxycarbonylamino)butyrate ( 24 ) (52), and diazopropyne (53). 
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(20) (21) (R = Me, Et, Bn) 





CI3C 
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• C02Et 




N2 

(24) 



Scheme 8.7 



An interesting preparation of aliphatic diazoalkanes (R'R^C = N2; R*, R^ = 
alkyl) involves the photolysis of 2-alkoxy-2,5-dihydro-l,3,4-oxadiazoles (see 
Scheme 8.49). When the photolysis is carried out in the presence of an appropriate 
dipolarophile, the diazo compounds can he intercepted (prior to their further 
photolysis) by a [3 + 2] cycloaddition reaction (54). As an example, 2-diazopropane 
was intercepted with A-phenylmaleimide (54) and norbornenes (55) to give the 
corresponding AEpyrazolines. 

The (r)"^-diene tricarbonyliron)-substituted diazocarbonyl compounds 25 
have been found to undergo 1,3-dipolar cycloaddition with methyl acrylate in 
high yield, but with little or no diastereoselectivity (56). Nevertheless, the facile 
chromatographic separation of the diastereomeric products 26a, b and 27a,b 
(Scheme 8.8), permits the synthesis of pure enantiomers when optically active 
diazo compounds (25) [enantiomeric excess (ee) >96%] are employed. When the 
reaction of 25 (R = C02Et) with methyl acrylate was carried out at 70 °C, 
cyclopropanes instead of A^-pyrazolines were formed. The enantiomerically pure 




(CO)3Ee 




C02Et ^C02Me 



COoMe 



C02Et 
(26) (73%) 




(CO)3Ee 



(27) (16%) 



Scheme 8.8 
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cis- and fra«5-l-(penta-l,3-dienyl)cyclopropane-l,2-dicarboxylic esters could be 
obtained after separation of the diastereoisomers and metal decomplexation. 

Diazocumulenes represent a structurally unusual class of diazo compounds (12). 
Diazocumulenes of the type R 2 C=C=N 2 have not been isolated so far, undoubt- 
edly because of the high propensity to form a vinylidenecarbene by elimination of 
N 2 . Nevertheless, when Me 2 C=C=N 2 was generated in a Horner-Emmons 
reaction from dimethyl diazomethylphosphonate and acetone in the presence 
of 3,3-dimethylcyclopropene, 4,4-dimethyl-2-(methylvinyl)- 1 ,4-dihydropyridazine 
could be isolated (57) (see Scheme 8.65). This product is most likely formed by 
isomerization of the initial 1,3-dipolar cycloaddition product. On the other hand, 
the reaction of (l-diazo-2-oxoalkyl)silanes 29 with activated alkenes (i.e., N- 
phenylmaleimide, maleic anhydride, norbornene, and norbornadiene) gave cycload- 
ducts such as 31 and 32 (Scheme 8.9) (58). These compounds are considered to be 
the direct trapping products of 1 -diazo- 1 -alkenes 30 , which are present in minor but 
nondetectable quantities as a result of its equilibrium with diazoketones 29 . Kinetic 
experiments in the presence of a large excess of N-phenylmaleimide support this 
assumption. The results are definitely not compatible with an alternate pathway 
involving cycloaddition of 29 followed by a 1,3(C ^ O) silyl shift. Cycloaddition 
of 29:30 with 3,3-dimethylcyclopropene gave 4-acyl-2-silyl-2,3-diazabicy- 
clo[3.1.0]hex-3-enes in equilibrium with 6-acyl- 1 -silyl- 1,4-dihydropyridazines. In 
these cases, no direct evidence concerning the reacting dipole is available (59). 



O 
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RjSiO 

)=C=N2 
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78% 

55% 



R' = ?-Bu, R = i-Pr: 79% 

R‘ = C 6 H 4 - 4 -NO 2 , R = (-Pr: 67% 



Scheme 8.9 
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(Diazomethylene)phosphoranes 33 (Scheme 8.10), which represent another type 
of diazocumulenes (12) are easily obtained by the oxidative ylidation of the 
corresponding phosphanyl(trimethylsilyl)diazomethane with CCI4. The increased 
stability of these compounds as compared with diazocumulenes (R2C=C=N2) is 
probably due to the ylidic character of the P=C bond. These diazo compounds 
exhibit the expected dipolar reactivity toward electron-deficient alkenes, alkynes, 
phosphaalkenes, and heterocumulenes (12). Thus, 33 reacts with TCNE to form 
A^-pyrazoline 35 (60). Furthermore, 33 could be converted into the phosphonio- 
borate- substituted diazo compound 34, which underwent subsequent cycloaddition 
with electron-deficient alkenes (e.g., 34 ^ 36) (61). 

8.1.3. Alkenes 

Of the many substituted and functionalized alkenes that have been combined 
with diazo dipoles to give A^-pyrazolines or products derived from them (i.e., A^- 
pyrazolines, pyrazoles, cyclopropanes), only a selection will be mentioned. These 
include a-alkylidene-cycloalkanones (62), -flavanones, -thioflavanones, -chroma- 
nones, and thiochromanones (63,64); a-arylidene-indanones and -indolones (65); 
diarylideneacetones (66); l-benzopyran-2(Ff)-ones (coumarins) (67,68); 4-nitro- 
1,2-oxazoles (69); 2-alkylidene-2-cyanoacetates (70); dimethyl 2,3-dicyanofuma- 
rate (71); tetracyanoethylene (72); tetraethyl ethylenetetracarboxylate (72); 1,4- 
quinones (35,73-75); 2-X-l,l,l-trifluoro-2-propene [X = Br, (76), SPh, SOPh, 
S02Ph (77)]; nitroalkenes (78) including sugar nitroalkenes (79); 1-diethoxyphos- 
phoryl-1 -alkenyl-sulfoxides (80); methyl 2-(acetylamino)cinnamate and -acrylate 




550 



Diazoalkanes 



(81); methyl (£)-2-acylamino-3-cyanoprop-2-enoates (82); enaminones of the type 
R'COCH=C(Me)NHR^ (R*=Me, OEt) (83); vinylselenides (84); 1-alkenylbor- 
onates (85); cyclopropenes (86-90); fert-butyl 2,3,4-tri-tert-butylcyclobutadiene- 
carboxylate (91) (with diazomethane, while Ph 2 CN 2 and 2-diazo- 1,3-dicarbonyl 
compounds gave cyclopropenyl-substituted ketazines); l//-l,2-diazepines (92); 
allene (93); phenylsulfonyl-l,2-propadienes (94); and other allenes (95); a,P- 
unsaturated chromium carbene complexes (96-98) (see Scheme 8.17). The ruthe- 
nium allenylidene complex [Ru(r]^-C 5 H 5 )(C=C=CPh 2 )(CO)(Pi-Pr 3 )]BF 4 reacts 
with ethyl diazoacetate to provide a cyclic carbene complex [Ru(r|^- 

C 5 H 5 ){=CCH=C(OEt)OC=CPh 2 )(CO)(Pi-Pr 3 )]BF 4 by a formal ketocarbene 
addition at the C=C bond (99). 

Stanovnik and co-workers (100,101) systematically investigated the cycloaddi- 
tion reactions of diazoalkanes with unsaturated nitrogen heterocycles, such as azolo- 
[l,5-a]pyridines, pyridazin-3(2i7)-ones, and [i>]-fused azolo- and azinopyridazines. 
The Stanovnik group have studied the further transformations of the products and 
reviews of this chemistry are available. In a typical example, the reaction of 6- 
chlorotetrazolo[l,5-/7]pyridazine ( 37 ) with 2-diazopropane yields the NH,NH-dihy- 
dro-pyrazolo[4,3-c/]tetrazolo[l,5-fe]pyridazine 38 (102) (Scheme 8.11). The latter 
substrate reacts with acetone to produce an azomethine imine 39 that thermally 
rearranges to give the fused dihydro- 1,2-diazepine 40 . The azomethine imine 
obtained with glucose can be trapped with methyl acrylate to furnish the C- 
nucleoside 41 (103). 






D-glucose, 

C02Me 



xylene, A 




Scheme 8.11 
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Diazo compounds also undergo cycloaddition with fullerenes [for reviews, see 
(104),(105)]. These reactions are HOMO(dipole)-LUMO(fullerene) controlled. 
The initial A'-pyrazoline 42 can only he isolated from the reaction of diazomethane 
with [60]fullerene (106) (Scheme 8.12) or higher substituted derivatives of Cgo 
(107). Loss of N 2 from the thermally labile 42 resulted in the formation of the “6,5- 
open” 1,2-methanofullerene (43) (106). On the other hand, photolysis produced a 
4:3 mixture of 43 and the “6,6-closed” methanofullerene (44) (108). The three 
isomeric pyrazolines obtained from the reaction of [70]fullerene and diazomethane 
behaved analogously (109). With all other diazo compounds so far explored, no 
pyrazoline ring was isolated and instead the methanofullerenes were obtained 
directly. As a typical example, the reaction of Ceo with ethyl diazoacetate yielded a 
mixture of two “6,5-open” diastereoisomers 45 and 46 as well as the “6,6-closed” 
adduct 47 (110). In contrast to the parent compound 43, the ester-substituted 
structures 45 and 46, which are formed under kinetic control, could be thermally 
isomerized into 47. The fomation of multiple CPh 2 adducts from the reaction of Cgo 
and diazodiphenylmethane was also observed (111). The mechanistic pathway that 
involves the extrusion of N 2 from pyrazolino-fused [60]fullerenes has been 
investigated using theoretical methods (112). 

8.1.4. Diastereofacial Selectivity 



In the context of stereoselective organic synthesis, diastereofacial-selective 
cycloadditions of diazoalkanes and diazoacetates with functionalized alkenes has 
attracted some attention. 3,4-Disubstituted cyclobutenes were studied as dipolar- 
ophiles by the groups of Gandolfi and co-workers (113) and Martin and co-workers 
(114). The transition state structures of the cycloaddition of diazomethane with cis- 
3,4-dimethylcyclobutene was investigated theoretically by DFT methods (113a). 

5-Monosubstituted 2(5//)-furanones (y-butenolides) 48 [Scheme 8.13, R = 
CH 2 OH (115), CH20Bn (115), CH20SiPh2t-Bu (116-118), CH 2 OTS (119), OMe 
(120-122), menthyloxy (120,123), SR, SOR, and S02Ph (124)] gave cycloadducts 
with both diazomethane and ethyl diazoacetate with excellent anti-7i-facial selec- 
tivity and with high regiospecifity [i.e., with the diazo carbon attached to C(4) of the 
lactone]. On the other hand, low diastereoselectivities were found in the reaction of 
diazomethane with 48 [R = OMe (120,122)] and its 3-Me, 4-Me, and 3-Hal 
derivatives (122). The addition of diazomethane to the two C(5) epimers of 
furanone sulfoxide 49 occurred with complete 71 -facial diastereoselectivity. In 
this case, approach of the dipole is controlled by the chiral sulfoxide group rather 
than the ethoxy substituent (125). In some cases, the pyrazolines obtained from 
optically active y-butenolides were used to synthesize cyclopropanes with high 
enantioselectively (see below). An example involves the synthesis of methyl cis- 
chrysanthemate from optically active 48 (R = /-Pr) (126). 

The diastereofacial-directing effect of a chiral center attached directly to the 
C=C bond was also demonstrated using other enantiopure dipolarophiles, such 
as vinyl sulfoxide 50 (80) (Scheme 8.14; formation a single diastereoisomer of a 
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CH2-N-N 



Scheme 8.13 



cyclopropane derived from Ph 2 CN 2 , and of a A'-pyrazoline from Me 2 CN 2 ). Other 
examples include 5-alkylidene-l,3-dioxan-4-ones 51 [(R*=Me, Et, t-Pr, Ph; 
R^ = t-Bu, c-Hex; reaction with RCHN 2 , R = H, Me, SiMe 3 (127,128)], a-henzy- 
lidene-p-lactone 52 [with CH 2 N 2 (128)], azlactone 53 [(£)- and (Z)-isomer, with 
CH 2 N 2 (129)], a-alkylidene-y-lactones 54 and 55 (130), acyclic y-alkoxy- and y- 
amino-a,P-unsaturated ketones such as 56 and 57 [with diazomethane, diazoethane. 





Tol = tolyl 



(56): R' = H, r 2 = COMe (£) 

(58): R' = CO 2 R, S02Ph, Ph, NO 2 



Scheme 8.14 
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diazodiphenylmethane (131)], and y-alkoxy-a,P-unsaturated esters 58 and related 
compounds (118,131-133) [e.g., R'^COjMe, R^ = H; R'=C02Et, R^ = Me; 
R' = COzMe, r 2 = NHCbz or NHAc; R' = NO 2 , R^ = Me; R' = SO 2 PI 1 , R^ = H; 
reactions with diazomethane (133)]. Cycloaddition of diazomethane occurs with 
high 7r-facial syn-selectivity in the case of 51, 52, 54, 56, 57, and 58, but with anti- 
selectivity for 52. Density functional calculations for the cycloaddition of CH 2 N 2 
with 58 (R^ = NO 2 , R^ = Me and R^ = NHAc, R^ = C02Me) predict a preference 
for the formation of the syn-product and suggest that the chirality at the dioxolane 
stereogenic center is mainly responsible for this stereochemistry (133). For the case 
of y-dibenzylamino-a,p-didehydro-a-aminoacid esters (134), the diastereoselectiv- 
ity of diazomethane cycloaddition is opposite to that predicted by the principle of 
1,3-allylic strain. 

The spiropyrazolines obtained from 51 were converted into enantiopure 
A^-pyrazoline-3-carboxylates and 1 -(hydroxyethyl)cyclopropane- 1 -carboxylates 
(128). Those obtained from 54 and 55 were transformed into optically active 
a-spirocyclopropyllactones and 3-amino-3-(hydroxyethyl)pyrrolidin-2-ones (130). 
The spiropyrazoline obtained from a chiral propylidene-diketopiperazine and 
diazomethane was converted into (-!-)-( IR, 25)- l-amino-2-ethyl)cyclopropane-l- 
carboxylic acid (allocoronamic acid) (135). 

Since the 71 -facial diastereoselectivity of furanone 48 is opposite to that of open- 
chain a,p-unsaturated ester 58 (R' or R^ = CO 2 R), it was possible to transform the 
resulting pyrazolines into cyclopropanes with complementary absolute configura- 
tion. As an example, the reaction of (5S)-2(5//)-furanone (59) (Scheme 8.15) with 
diazomethane proceeded by anti-attack to give pyrazoline 60, which was converted 
into chiral 2-formylcyclopropane-l-carboxylate 61, and then further transformed 
into 4,5-methano-2,3-didehydroaminoacid ester 62 by a Wittig-Horner olefination 
(118). On the other hand, diazomethane reacted with syn-selectivity using the 
unsaturated ester 63 to give A^-pyrazoline 64, which was readily transformed into 
ent-6\ and further into ent-62. Both the starting materials 59 and 63 derive their 
chirality from o-glyceraldehyde acetonide. 

The formation of spirocyclopropanes from the reaction of diazodiphenylmethane 
and (— )-8-phenylmenthyl esters of acrylic acid and methyl fumarate occurred with 
a modest level of diastereofacial selectivity (136). In contrast, diastereoselectivities 
of 90:10 were achieved in the cycloadditions of diazo(trimethylsilyl)methane with 
acrylamides 65 derived from camphor sultam as the chiral auxiliary (137) (Scheme 
8.16). Interestingly, the initial cycloadducts 66 afforded the nonconjugated A^- 
pyrazolines 67 on protodesilylation; the latter were converted into optically active 
azaproline derivatives 68. In a related manner, acrylamide 69 was converted into 
A^-pyrazolines 70a, b (138). The major diastereoisomer 70a was used to synthesize 
indolizidine 71. The key step in this synthesis involves the hydrogenolytic cleavage 
of the pyrazoline ring. 

The cycloaddition of several diazoalkanes with (2-arylvinyl)-[(—)-(8-phenyl- 
menthyloxy] methylene chromium complexes 72 gave the A^-pyrazolines 73 with 
high diastereoselectivity. These compounds were converted into pyrazolinecarbox- 
ylates 74 by A-protection and metal decomplexation (98) (Scheme 8.17). It is 
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Scheme 8.16 
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Scheme 8.18 



8.2. CYCLOADDITIONS WITH CARBON-HETEROATOM 
DOUBLE BONDS 

8.2.1. C=N Bonds 

In an earlier survey of the cycloaddition chemistry of diazo compounds 
with imines (5), it was noted that diazoalkanes react particularly well with both 
electron-deficient acyclic and strained cyclic imines, such as 2f/-azirines, producing 
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?-Bu 




endo/exo = 2:3 

(80) (57%) (81) (43%) 

Scheme 8.19 



1.2.3- triazolines or derived products. During the past two decades, this particular 
subject has not received much attention, and only a few examples will be 
mentioned. 

The kinetically stabilized azacyclobutadiene 78 (Scheme 8.19) reacts with 
diazomethane at the C=C bond with formation of 79, while 1-diazo-l -phenyl- 
ethane adds across the sterically less hindered C=N bond to furnish the bicyclic 

1.2.4- triazoline 80 (140a). The latter product is also accompanied by 2//-azirinyl- 
ketazine 81. It was shown that the isomerization 80 ^ 81, for which a dipolar 
intermediate was suggested, can be achieved both thermally and photochemically. 
With a-diazocarbonyl compounds (e.g., 2-diazoindane-l,3-dione), ring-contraction 
products analogous to 81 are obtained as the exclusive products (140b). 

Carrie and co-workers studied the cycloaddition of oxime esters derived from 
methyl cyanoacetate and malonate esters 82 (Scheme 8.20) with diazomethane and 
some monosubstituted derivatives. Thermally labile 1,2,3-triazolines 83 were 
obtained when tosyloxy- and benzoyloxyimines were used (141), while methyl 
acetoxyimino-cyanoacetate (82, X = CN, Y = C02Me, R*=Ac) gave products 
derived from both a 1,2,3- and a 1,2,4-triazoline, depending on the structure of 
the diazo compound (142). Not unexpectedly, diazomethane reacted with the 
corresponding imino-malononitrile (82, X = Y = CN) system at the nitrile function 
rather than at the C=N bond (143). 

Elimination of N 2 from triazolines 83 occurred thermally (^20°C) as well as 
photochemically. Depending on the substituent pattern and the method used, 
different products were obtained, such as aziridines 84a and 84b, oximines 85, 
and 1,3-oxazoles 86 (143). 

Diazo(trimethylsilyl)methane reacts with N-sulfonylimines derived from alde- 
hydes to give 2-(trimethylsilyl)aziridines in good yield and with high cis-stereo- 
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Scheme 8.20 



selectivity (144). Ethyl diazoacetate and diazo(phenyl)methane do not react in an 
analogous manner. Diazo(trimethylsilyl)methane underwent cycloaddition with the 
iminium salt derived from cyclohexanone and pyrrolidine at the C=N ^ bond to 
afford, after loss of N 2 and the SiMe 3 group, a dispiro-aziridinium salt (145). The 
same transformation has been reported to occur with diazomethane. It is not clear 
whether the aziridines are formed via a transient triazoline intermediate or by 
nucleophilic addition of the diazo compound at the imine or iminium function, 
followed by loss of nitrogen from the resulting diazonium betaine, and then ring 
closure. It should be mentioned that the isolation of aziridines from diazo 
compounds and imines under the action of typical Lewis acids (146,147), copper 
(148,149), and rhodium (145,150) catalysts is a subject of intense research activity. 

8.2.2. C=P Bonds 

Phosphaalkenes that possess a L^cj^-phosphorus atom can be isolated when 
appropriately substituted (151). These systems exhibit a much more expressed 
dipolarophilic than dienophilic reactivity, probably as a consequence of the polarity 
of the P=C bond. The [3 + 2] cycloaddition of diazo compounds with phosphaalk- 
enes 87 leads to 4,5-dihydro-3//-l,2,4-diazaphospholes 88 (Scheme 8.21) that are 
not always isolated. Quite often, elimination of molecular nitrogen occurs during 
the cycloaddition at or below 20 °C. In other cases, N 2 extrusion is achieved at 
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elevated temperature or by photochemical activation. The resulting bis(alkylide- 
ne)phosphorane system 89 typically undergoes a thermally induced, conrotatory 
471-electrocyclic ring closure to give phosphiranes 90 . Depending on the substituent 
pattern, this reaction occurs somewhere between —80 and + 120 °C. These general 
remarks are illustrated by the following examples (Scheme 8.21 and Table 8.1): The 
P-bis(trimethylsilyl)amino-4-phosphapyrazolines 88a (152), 88b (153), and 88c 



TABLE 8.1. CONVERSION OF 4-PHOSPHAPYRAZOLINES (88) INTO PHOSPHIRANES (90) OR 
1,2,4-DIAZAPHOSPHOLES (92) (SEE SCHEME 8.21)“ 



88^90 


r‘ 


R^ 


R^ 


R"* 


r5 


Reference 


a 


H 


TMS 


N(TMS)2 


H 


TMS 


152 


b 


H 


t-Bu 


N(TMS)2 


H 


TMS 


153 


c 


H 


TMS 


N(i-Pr )2 


H 


TMS 


154 


d 


Ph 


Ph 


PhC=C 


TMS 


TMS 


155 


e 


Ph 


Ph 


Ph 


TMS 


TMS 


156 


f 


Ph 


Ph 


mesityl 


TMS 


TMS 


156 


g 


H 


Ph 


N(i'-Pr) 2 , f-Bu 


Ph 


TMS 


157 


h 


aryl. Me* 


aryl, Me* 


Cl 


Ph 


TMS 


157 


i 


H 


f-Bu 


Cl 


TMS 


TMS 


158 


j 


H 


TMS 


Cl 


TMS 


TMS 


158 


k 

88^92 


H 


mesityl 


Cl 


TMS 


TMS 


158 


1 


H 


c 


Cl 


Ph 


TMS 


159 


ITl 


H 


C02Me 


Cl 


TMS 


TMS 


160 


n 


H 


C02Me 


Cl 


C02Et 


TMS 


161 



“ Tetramethylsilane = TMS = SiMes. 

*Ph 2 CN 2 , 9-diazofluorene, bis(2-naphthyl)diazomethane, Me 2 CN 2 - 
“H, Ph, COPh, C02Et, PO(OMe) 2 , POPI 12 . 
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(154) are thermally rather stable; thermolysis of 88b, c at 80-120°C gives the 
phosphiranes 90b, c. The photolysis of 88a was used to generate the bis(alkyl- 
idene)phosphorane 89a, which cyclized to phosphirane 90a only at 190 °C over a 3- 
day period. 

Phosphapyrazolines 88d (155), 88e (156), and 88g (157) lose N 2 at 0°C and 
yield phosphiranes 90 via spectroscopically detectable phosphacumulenes 89. In 
contrast to 88e, the P-mesityl-phosphapyrazoline system 88f (156) can be isolated. 
P-Chloro-phosphapyrazolines 88h (157) and 88i-k (158) also lose N 2 under the 
cycloaddition conditions or during work up and yield phosphiranes 90b-k. The 
cycloaddition products 88i,j,l-n, obtained from monosubstituted diazo compounds 
and P-chloro-C-trimethylsilylphosphaalkenes, undergo a fast reaction with con- 
servation of the ring nitrogen atoms. In the case of 88i,j, these reactions compete 
with the formation of a phosphirone. 1,2-Elimination of HCl from 88j followed by 
a 1,3(C ^ N) silyl shift yields l,3,5-tris(trimethylsilyl)-l,2,4-diazaphosphole 91 
(158), whereas 1,2-elimination of Me 3 SiCl from 88 followed by a 1,3(C ^ N) H 
shift generates 17/-l,2,4-diazaphospholes 921 (159), 92m (160), and 92n (161). 
Tautomerization of A'-phosphapyrazolines 88 to form A^-phosphapyrazolines has 
also been observed [e.g., 88i: SiMej shift (158); 88, R' = H, = t-Bu, R^ = SiMe 3 , 
R^ = OSiMe 3 , R^ = f-Bu; H shift (162)]. 

The cycloadduct obtained from ethyl diazoacetate and the cyclic phosphaalkene 
9-terf-butyl- 1 ,3-diphenyl- 10-phospha- 1 ,3-etheno- l//-benzopyran-4(3//)-one under- 
went spontaneous [3-1-2] cycloreversion and produced ethyl 5-tert-butyl- 1,2,4- 
diazaphosphole-3-carboxylate (163). Still another transformation was found for P- 
trimethylsilyl-substituted diazaphospholes system 94, which suffered dediazonia- 
tion under the cycloaddition conditions and yielded phosphaalkene 95 (162) 
(Scheme 8.22). It was proposed that N 2 extrusion and SiMe 3 migration occur in 
concert. On the other hand, the cycloaddition products derived from phosphaalkene 
93 and 2,2-dimethyl- 1 -diazopropane or diazo(trimethylsilyl)methane simply under- 
went tautomerization to the corresponding A^-phosphapyrazoline (162) (94, R = 
f-Bu: H shift; R = SiMe 3 : SiMe 3 shift). 

In certain cases, 4, 5-dihydro- 1, 2, 3-diazaphospholes rather than 3,5-dihydro- 
1,2,4-diazaphospholes are formed from the [3-1-2] cycloaddition reaction of diazo 
compounds with phosphaalkenes. This regiochemistry was encountered in the 
reaction of (mesityl)P=CPh 2 with diazodiphenylmethane and was attributed to 
steric factors (164). Electronic factors may explain the orientation found in the 



TMS^ OTMS 
t-Bu 




20 oc TMS OTMS 

R Vbu 



(95) 



(93) 

R = H, Me, C02 ?-Bu 



Scheme 8.22 
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cycloaddition of diazoacetates with the electron-rich double bond of (r|^- 
C5Me5)(C02)Fe— P=C(NMe )2 from which the A^^-metalated 4-dimethylamino- 

1.2.3- diazaphosphole-5-carboxylic ester was isolated (165). The latter reaction is 
also noteworthy because it was discovered that other electron-rich phosphaalkenes 
such as T’-phenyl-C-(dialkylamino)phosphaalkenes do not react with diazo com- 
pounds (such as diazodiphenylmethane, 1 -diazo- 1-phenyle thane, diazoacetates, and 
diazomalonates) as 1,3-dipoles, but rather react with them at the nucleophilic 
phosphorus atom via a Staudinger-type reaction to give phosphazine- 
derived products (166). Diazocumulenes also undergo 1,3-dipolar cycloaddition 
with phosphaalkenes. The first example reported was that of (diazomethylene)pho- 
sphorane 33 , which reacted with [bis(trimethylsilyl)methylene]chlorophosphane or 
the related bis[bis(trimethylsilyl)methylene]chlorophosphorane to give 3-phosphor- 
anylidene-l,2,4-diazaphospholes 96 and 97 by cycloaddition followed by elimina- 
tion of Me 3 SiCl (167) (Scheme 8.23). According to their NMR data and X-ray 
diffraction analysis, these heterocycles have a significant bonding contribution from 
a heterophospholyl betaine structure. 

a-Silyl-a-diazoketones 29 react with various phosphaalkenes to form 5-alkyli- 
dene-3//-l,2,4-diazaphospholes ( 98 - 101 , Scheme 8.23) or products derived from 
them ( 102 , 103 ) (168). By analogy to their reactions with alkenes (see Section 8.1), 
it was assumed that 1-diazoalkenes 30 , which are minor equilibrium partners of 
diazoketones 29 , are selectively trapped from the equilibrium mixture. It is 
interesting to note that these diazo compounds also afford a [3-1-2] cycloaddition 
product 103 when the electron-rich phosphaalkene mesityl— P=CH—NMe 2 group 
was used. Diazodiphenylmethane and dimethyl diazomalonate underwent a Stau- 
dinger reaction rather than a cycloaddition with PhP=C(R)NMe 2 (R = H, Me), as 
was mentioned above (166). 

Alkylidene-phosphapyrazolines 98-101 are much more thermally stable than 
their relatives 88, which do not possess the exo-methylene substitution. Dediazo- 
niation of 98 required heating in toluene at 110°C and gave one or more of the 
following products, probably via intermediate diphenylmethylene(vinylidene)phos- 
phoranes: methylenephosphiranes, (2-siloxyvinyl)phosphanes, 2//-l,3-oxaphos- 
pholes, and l-alkylidene-2,3-dihydro-l//-benzo[c]phospholes (169). Thermolysis 
of 100 ( R = t-Bu, 1-adamantyl) afforded isolable 2-phosphabutadienes (169). The 
photochemical elimination of N 2 from 98 generated cyclic azomethine imine 
dipoles 104 (Scheme 8.24), which rearrange to compounds 105 and 106 that could 
be further trapped with DMAD to form 107 (170). 

Some highly reactive phosphaalkenes, generated by base-assisted P-elimination 
at low temperature, have been trapped with appropriate 1,3-dipoles (171). In this 
manner, dihydro- 1,2,4-diazaphospholes were obtained from phosphaalkenes 
R'R^C=PR^ [R‘ = H, R^ = Me, R^ = H (172); R^ = alkyl, R^ = C1, R^ = H (173); 
R' =C02Et, COPh, CONMe 2 , R^ = H, SiMej, R^ = C1 (174)] and ethyl diazoace- 
tate or diazo(trimethylsilyl)methane. By the same strategy, the transient 1-phospha- 

1. 3- butadiene 108 was trapped to give diazaphosphole 109 after elimination of HCl 
(175) (Scheme 8.25). It is interesting to note that the cycloaddition reaction 
occurred exclusively at the hetero-double bond. 
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Cl 

R2P = C=N2 
Cl 



^P = C(TMS)2 



-TMSCl 

88 % 



(33) 



Cl-P[=C(TMS)2l2 



-TMSCl 

85% 



P P + 

TMS— TMS— (q^PR2 



N=N Cl 


N-N Cl 


- 


(96) 


R 


= N(i-Pr )2 


C(TMS)2 
1 1 


“C(TMS)2 ■ 
1 


TMS— ^ 7=PR2 


^ TMS— (Q)— PR 2 


N=N a 


N-N Cl 



(97) 



o 



R 




SiRs 



N, 



Ar. 



(29) 

RsSiO 



P = CPh2 
20 °C 
74-85% 



R^ 



Ar 

'■'■^N=N^OSiR3 

(98) 



(30) 



R‘ = t-Bu, 1-adamantyl, C 6 H 4 - 4 -X (X = OMe, NO 2 ) 
SiR3 = Si/-Pr3, SiPh2^-Bu, SiMe2?-Bu 
Ar = mesityl 



TMSO. p r‘ 

V N=<^ 

n=N OSii-Pr 3 



(99): R' = f-Bu, r 2 = Cl 
(100): R* = t-Bu, Me, 1-adamantyl, Ar 
r2 = TMS 



1-Bu 




Ar 

▼ 

N-N 

TMS' 

(102) (Ar = mesityl) 






SiM 03 

(103) 



COl-Bu 



Scheme 8.23 
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Scheme 8.24 
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Scheme 8.25 
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1,3-Dipolar cycloaddition chemistry has also been achieved with P=C bonds 
incorporated in the ring system of some heterophospholes, in spite of the hetero- 
aromatic character of the latter. This chemistry was developed by Arbuzov and 
co-workers (176) who reviewed the use of 1,2,3-diazaphospholes 110 as di- 
polarophiles (Scheme 8.26). The reaction rate was facilitated by increasing 
the electron density in the diazo dipole (Ph 2 CN 2 < PhMeCN 2 < Me 2 CN 2 ) (177). 




(117) (118) 



Scheme 8.26 
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The course of the reaction of 110 with diazo compounds is highly dependent on the 
nature of the diazo substrate as well as the reaction conditions (solvent, tempera- 
ture) as well. 

With 9-diazofluorene, [3 + 2] cycloaddition products of type 111 were obtained 
in pentane or hexane, while N2 loss and subsequent cyclotrimerization occurred in 
CH2CI2, CCI4, and benzene (178). With acceptor-substituted diazo compounds of 
the type RCH=N2 [R=C02Et (179), COMe (180,181), and PO(OEt)2 (182)], the 
initially formed A^-phosphapyrazolines rapidly tautomerized and bicyclic A^- 
phosphapyrazolines such as 112 and 113 were formed. 

With 2-diazopropane, two stereoisomers of the resulting tricyclic product 116 
(cis, anti, cis and cis, syn, cis) were obtained (183). Eormation of 116 can be 
rationalized by N2 extrusion from the cycloaddition product 114 and a subsequent 
[34^-1- 22,1] cycloaddition of the resulting 3-alkylidene-l,2,3-diazaphosphole 115 
with the remaining heterophosphole 110 . When an excess of 2-diazopropane was 
used, 115 was trapped by 1,3-dipolar cycloaddition across the exocyclic P=C bond. 

The reaction of 1,2,3-diazaphospholes 110 with diazodiphenylmethane leads 
directly to bicyclic phosphiranes 117 (184). The analogous product 118 was 
obtained using a 1,3,4-thiaazaphosphole (185). It is reasonable to assume that 
these phosphiranes result from a 47i-electrocyclization of the bis(methylene)phos- 
phorane unit of a reaction intermediate analogous to 115 . 

Similar to their reaction with phosphaalkenes, l-diazo-2-(oxoalkyl)silanes 29 
react with various heterophospholes by [3 + 2] cycloaddition of the diazocumulene 
system 30 (which is in equilibrium with 29 ) across the P=C bond. With 2-acyl- 
1,2,3-diazaphospholes 119 (R^ = Ac, Bz; no reaction with R^ = Me, Ph up to 
60 °C), the expected cycloaddition products 120 (Scheme 8.27) could be isolated 
(186). Elimination of N2 from these bicyclic A^-pyrazolines occurred upon heating 
at 100 °C and furnished the tricyclic systems 122 when SiRs was a trialkylsilyl 
group. Apparently, the thermolysis of 120 generates the 5-alkenylidene-l,2,5- 
diazaphosphole 121 (by N2 extrusion) as well as diazaphosphole 119 (by a 
[3 + 2] cycloreversion process), which recombine in an intermolecular cycloaddi- 
tion to furnish 122 . When SiR3 = SiPh2t-Bu, a formal intramolecular [3 + 2] 
cycloaddition of the C=P=C unit with an aromatic C=C bond occurs and the 
polycyclic compound 123 is obtained (187). 

In contrast to 120 , the cycloaddition products derived from diazocumulenes 30 
and 1,2-thiaphospholes 124 (as well as 1,2,3,4-triazaphospholes 127 ) cannot be 
isolated, since molecular nitrogen is readily lost under the reaction conditions 
(Scheme 8.28). Phosphorus heterocycles 125 and 126 are produced from 124 (188). 
The major product is formed by a path analogous to that outlined in Scheme 8.27. 
Compound 126 is probably formed by a 47i-electrocyclic ring closure of an 
intermediate 2-alkenylidene-l,2-thiaphosphole. In the 1,2,3,4-triazaphosphole 
case, N2 extrusion from the initial cycloaddition product 128 takes place and 
generates a 4-imino-l,2,4-diazaphosphole derivative 129 . This transient intermedi- 
ate undergoes further reaction to form either the dispiroannulated l,3-diaza-2,4- 
diphosphetidine 130 or dihydro- l,2,4()^^)-diazaphosphole 131 , depending on the 
substituent at the imino group (189). 
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R^SiO 



r2 (119) 
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100 °c 



(30) + (119) 




+ (119) 




SiR3 = SiPli2?-Bu 

f-Bu Ph 



SiR3 = SiMe2?-Bu, Sii-Pr3 




for (122) and (123): 

SiR 3 = ?-Bu, 1-adamantyl 
r 2 = Ac 



(123) 



Scheme 8.27 



The P=C bond of )^^CT^-phosphoranes is also accessible to a 1,3-dipolar 
cycloaddition reaction. The formation of 97 (Scheme 8.23), of 3,5-dihydro-l,2,4- 
diazaphosphole sulfide 132 from an amino(methylene)thioxophosphorane (190) 
and of phosphirane imine 133 from an amino(imino)alkylidenephosphorane (191) 
(Scheme 8.29) illustrate the chemical behavior of phosphaalkenes containing a 
)^^CT^-phosphorus atom. 



8.2.3. C=As Bonds 

Although compounds containing a C=As bond have attracted much less 
attention than those with a C=P bond, the available results show that the 
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R* = ?-Bu, 1-adamantyl 
Ar = Ph, C6H4-4-OMe 
SiRs = Sii-Pr3, SiMe2(-Bu 




N 



R^Si' 



t-Bu Ph CORi 
A ,N -SiR, 
P, P 



"N 

-N 



rIqc Ph ?-Bu 



(130) 

Scheme 8.28 



SiRj 

R^OC. ^N. 
^ N 

R^O-P— ^ 

I 

NCO ^ 

(131) (R3 = Me, Et) 



dipolarophilic character of these two hetero-double bonds toward diazo compounds 
is rather similar. Thus, the short-lived arsaalkenes 134 were trapped in situ by 
cycloaddition with ethyl diazoacetate to give 1,2,4-diazaarsoles 135 (192) 
(Scheme 8.30). A transient 1-chloro-l-arsa- 1,3-butadiene has been generated and 
trapped in the same manner as that shown in Scheme 8.25 [108 ^ 109 , As instead 
of P (175)]. On the other hand, the in-situ generated arsaalkene Me02C(R)C=AsCl 
(R=Me, CN) reacted with ethyl diazoacetate to give 135 (R' = C02Et), perhaps via 
a cycloaddition-cycloreversion reaction of an intermediate 3//-l,2,4-diazaarsole 
(193). 

By close analogy to heterophospholes (see Scheme 8.26), the C=As bond 
incorporated in heteroarsoles is also amenable to 1,3-dipolar cycloaddition. Thus, 
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products 136 (194) and 137 (181,195) (Scheme 8.31) were obtained from the 
corresponding 1,2,4- and 1,2,3-diazaarsoles, respectively. When 2-diazopropane or 
diazodiphenylmethane rather than ethyl diazoacetate was allowed to react with 
1,2,3-diazaarsoles, the bicyclic arsiranes 138 were obtained (183,196-198). With 
2-diazopropane, the expected [3 -I- 2] -cycloaddition product could be detected and 
was identified as a precursor to the bicyclic arsirane (197). 

8.2.4. C=S Bonds 



Reactions of diazo compounds with thioketones leading to 1,3-dithiolanes or 
thiiranes have been known since 1920, but the mechanism of the so-called 
Schdnberg reaction was only clarified by Huisgen and co-workers in 1981 (199). 
For example, diazomethane reacts with thiobenzophenone at — 78°C in a [3-1-2] 
manner to give 2,5-dihydro-l,2,4-thiadiazole 139 (Scheme 8.32). This product 
rapidly eliminates N 2 at — 45°C providing thiocarbonyl ylide 140 that can be 
trapped by a broad range of dipolarophiles [electrophilic alkenes, alkynes, N=N 
bonds (199-201)] to give various five-membered sulfur heterocycles 141. When 
excess thiobenzophenone is present, the 1,3-dithiolane 142 is formed. In the 
absence of trapping reagents, 140 produces thiirane 143 by 1,3-cyclization or 

1.4- dithian 144 by cyclodimerization. An analogous study was carried out for the 
reaction of thiobenzophenone with diazoethane, diazophenylme thane, and diazo- 
diphenylmethane (202). Remarkably, thiobenzophenone S-diphenylmethylide could 
not be trapped intermolecularly and thiirane formation was the only reaction observed. 

Related investigations of the reaction of diazo compounds with alkyl-substituted 
thioketones [R 2 C=S, R = Et, Pr, f-Pr, t-Bu (203); 2,2,4,4-tetramethylcyclobutan-l- 
one-3-thione (204), and adamantanethione (205,206)] showed that the 3,3-dialkyl- 

1 .2.4- thiazolines are thermally more stable than the 3,3-diphenyl analogue 139 and 
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Scheme 8.32 
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Scheme 8.33. Rate Constants for the 1,3-Dipolar Cycloaddition of Ph2C=N2 with C=S and Other 
Dipolarophiles; 10^ At 2 [M^' s“'], in DME (“ in CHCI3) at 40“C (DMF = dime thy Iformamide). 



can be isolated. The mechanistic picture outlined in Scheme 8.32 was also helpful 
to rationalize the formation of a tricyclic dithiepane derivative from the reaction of 
thiotropone and diazomethane. In this case, a 4,5-dispiroannulated 1,3-dithiolane 
was the only reaction intermediate that could be isolated (207). Huisgen and co- 
workers (209,209) performed kinetic measurements on the cycloaddition reactions 
of thiocarbonyl compounds with diazoalkanes and other nucleophilic 1,3-dipoles. 
The rate constants for some selected thioketones (209) are given in Scheme 8.33 
and demonstrate that thioketones are superior to other commonly used dipolaro- 
philes. This exceptionally high reactivity was explained by perturbation MO theory 
and was based on the fact that thiocarbonyl compounds have a remarkably small 
HOMO-LUMO energy separation compared with C=0 compounds. 

The high reactivity of the C=S bond toward diazo dipoles was also helpful in 
the characterization of thiopivaldehyde, a monomeric thioaldehyde persistent in 
inert organic solvents for 16 h at 20 °C. This thioaldehyde underwent ready 
cycloaddition with ethyl diazoacetate (210). Similarly, the diazocumulene 9- 
(diazomethylene)fluorene could be generated by diazotization of 9-(aminomethy- 
lene) fluorene and was trapped by the cycloaddition with thiobenzophenone (211). 

Cycloaddition of diazo dipoles at C=S bonds is not always orientation specific. 
Mixtures of 1,3,4-thiadiazolines and 1,2,3-thiadiazolines were formed when dia- 
zomethane was combined with open-chain thiones R 2 C=S (203) (R = Et, Pr, i-Pr, 
t-Bu) or with adamantanethione (205,206) (Scheme 8.34). Also, the products 
obtained from thiopivaldehyde and ethyl diazoacetate are derived from the two 
regioisomeric cycloadducts (210). The generally observed dependence of the 
regioisomer ratio on the solvent polarity (203,206) [e.g., 145:146 from adamanta- 
nethione: 91:9 in pentane at — 20°C, 10:90 in methanol at — 30°C (206)] was 
attributed to the large dipole moment of the transition state leading to the 1,2,3- 
thiadiazoline (203,212). Ab initio calculations of the cycloaddition of thioformal- 
dehyde with diazomethane gave activation enthalpies (3-21G* basis set), which 
favor the 1,2,3-isomer by 2.4 kcal mol~' (only 0.5 kcal mol”' by a CASSCF single- 
point calculation of the 3-21G* transition structure). This energy difference, 
however, vanishes for diethyl thioketone (212). This result suggests that increasing 
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Scheme 8.34 



the steric demand of the thione substituents directs the cycloaddition towards the 
1,3,4-isomer, in agreement with the experimental findings. 

The isomeric adamantane-spirothiadiazolines (145 and 146) (Scheme 8.34) 
exhibit different thermal stability [145: Ti/2=33 min at 45 °C; 146: Ti /2 = 25.6 
min at 1 10 °C (206a)]. Elimination of N 2 from 145 generates thiocarbonyl ylide 147 
that was trapped not only with the dipolarophiles mentioned above for 140, but also 
with aldehydes and imines (206a) (147 — > 149). Without a trapping reagent, 
thiirane 151 was formed from both 145 (at 80 °C) and 146. In the latter case, the 
extrusion probably proceeds via intermediate 148 and is accompanied by homo- 
adamantanethione 152 and a trace of methyleneadamantane. When 145 was 
decomposed at 45°C rather than at 80 °C, dimer 150 was also obtained. The 
isolation of 150 suggests that ylide 147 is also able to act as a base toward its 
precursor 145 (213). In fact, 147 can also be trapped with other protic nucleophiles. 

The chemistry outlined in Schemes 8.32 and 8.34 illustrates the complexity of 
reactions that occur between thiocarbonyl compounds and diazo compounds. 
Heimgartner and co-workers (214-217) observed a similar reactivity pattern 
when they combined l,3-thiazol-5(4//)-thiones (153) with diazoalkanes. When 
ethyl diazoacetate was used, additional reaction pathways occurred giving rise to a 
complex mixture of products (218). An interesting aspect of this chemistry involves 






Scheme 8.36 




574 



Diazoalkanes 



the conversion of the initially formed 1,3,4-thiazoline ring 154 into functionalized 
1,3,4-thiadiazoles 155 or 156 hy a base-assisted 1,4-elimination reaction (217,218) 
(Scheme 8.35). Since the thiadiazolines cannot be isolated due to their thermal 
lability, the base must be present prior to the cycloaddition step. 

When thiocarbonyl and a-diazocarbonyl compounds are combined, acyl-sub- 
stituted thiocarbonyl ylides 158 are generated from a nonisolable 3-acyl- 1,2,4- 
thiadiazoline 157 (Scheme 8.36). In addition to giving acylthiiranes 159 and 1,3- 
dithiolanes 160 , dipoles 158 can also 1,5-cyclize to produce 1,3-oxathioles 161 . 
Acyl-thiocarbonyl ylides derived from diazoketones [e.g., HC(0)C(N2)R, R = Ph, 
f-Bu (219,220); 2-diazocyclohexanone (221)] produce 1,3-oxathioles [e.g., 162 
(220), Scheme 8.36], while those derived from diazoesters (218,222,223) lead to 
thiiranes by 1,3-cyclization. Ylides derived from a-diazocarboxamides form 1,3- 
oxathioles (e.g., 163 ) and thiiranes (e.g., 159 , R^ = r-Bu, R^ = NMePh, R^ = 
R^ = Ph), depending on the nature of the substituents (220). A related 1,5- 
cyclization of an aminomethyl-thiocarbonyl ylide formed from dimethyl 3- 
anilino-2-diazobutanedioate was also reported (224). 

Thiiranes that are obtained from the reaction of diazo dipoles with C=S bonds 
can be transformed into alkenes by desulfurization. This reaction sometimes occurs 
spontaneously, but more often is achieved by treatment with phosphanes (225). 
This important methodology represents an alternative for the Wittig reaction and 
has high merit for the preparation of sterically hindered (226-229) and uncom- 
monly functionalized alkenes (214,216,217,230,231). Some examples are given in 
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CH 2 CI 2 , rt ijn Ph 
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r1 = H, r 2 = COPh (72%) 


MeS 2 . 


P(OMe) 3 , A MeS R' 
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(167) (md) 



Scheme 8.37 




8.2. Cycloadditions with Carbon-Heteroatom Double Bonds 



575 



Scheme 8.37 [164 (228), 165 (231) (but formation of 2-R-l,3,4-thiadiazole with 
RCH=N 2 , R = H, Me, Ph, CO 2 R'), 166 (230) (accompanied by 16% of 1,3- 
oxathiole if R^ = H, R^ = PhCO), 167 (232)]. 



8.2.5. C=Se and C=Te Bonds 



Reactions of diazo compounds with selenoketones have been much less 
investigated than thioketones. It was found that di(tert-butyl)selenoketone (168a) 
reacted with diazodiphenylmethane to regioselectively give 2, 5-dihydro- 1,3,4- 
selenadiazole 169a, which on heating lost N 2 and selenium to furnish the 
tetrasubstituted alkene 170a (Scheme 8.38) (233). This methodology is quite useful 
for the synthesis of sterically hindered alkenes (229). In fact, olefins 170b 
(233,234), 170c (235a), 170d (227,235b), and some related alkenes (227) were 
prepared by this method. Since the cycloaddition of diazodiphenylmethane with 
selenoketone (168a) was faster than with the corresponding thioketone, it was 
originally hoped that the selenadiazoline route to sterically hindered alkenes would 
work in those cases where the thiadiazoline route (see Section 8.2.4) failed. 
However, the selenadiazoline route tolerates only a bit more of steric hindrance 
and the elusive tetra(tert-butyl)ethene was not accessible by this method, since 
di(tert-butyl)selenoketone failed to react with di(fe/-t-butyl)diazomethane (233). 
The reaction of 4,4-dimethyl- (or dimethoxy-)selenobenzophenone with 
R^R'^C=N 2 (R^ = H, R'^ = SiMe 3 ; R^ R‘* = Ph, 4-Tol, 4-MeO-C6H4) at tempera- 
tures ^20°C furnished not only the unsymmetrical alkenes 170, but also one or 
both of the symmetrical alkenes, R’R^C^R'R^ and R^R'^C=CR^R'‘ (236). This 
indicates that the selenadiazoline intermediate 169 is highly unstable toward both 
N 2 extrusion and the two possible [3 + 2 ] cycloreversion pathways. 




-N 2 , -Se J^2 



(168) 



(169) 



(170) 



(169), (170) abed 



r1r2c ((-Bu)2C 





r3r4c Ph2C 





Scheme 8.38 




576 



Diazoalkanes 



R2C=N-NH2 



TeX4 

(X = Cl, Br) 



NEt3, benzene 



N=N 




R 

R 



+ R2C=N-N=NR2 



(171) 




(172) 


(173) 


(171)-(173) 


a 


b 


c 


R 2 C 


$ 




0^^ 



Scheme 8.39 

Stable representatives of telluroketones were not available until recently. 2,5- 
Dihydro- 1,3, 4-telluradiazole 172 can be prepared from hydrazones 171 and tell- 
urium tetrachloride or tetrabromide in yields of 19-48 and 42-55%, respectively 
(Scheme 8.39) (237). Ketazines 173 were obtained as byproducts of this reaction in 
32-45% yield. It was proposed that TeX 4 is first reduced to TeX 2 in the reaction 
medium. The latter species probably generates both the diazo compound and the 
telluroketone derived from hydrazone 3 and then a [3 -I- 2] cycloaddition occurs. In 
fact, both 172 and 173 were obtained when hydrazones 3a-c were treated with the 
difficult-to-handle tellurium dichloride in the presence of triethylamine. 

Telluradiazolines 172 are extremely light sensitive and brief ultraviolet UV- 
irradiation of 172a in solution or in the solid state afforded ketazine 173a 
quantitatively. On the other hand, 172a was completely stable at 80 °C. Thermolysis 
at 160 °C gave ketazine 173a, alkene 170d, and some other products which suggests 
that a [3-1-2] cycloreversion process is operating at this temperature. 

8.3. CYCLOADDITIONS WITH HETEROATOM-HETEROATOM 

DOUBLE BONDS 

8.3.1. P=X Bonds 

In contrast to the P=C bond of phosphaalkenes (Section 8.2.2), double bonds 
between phosphorus and a heteroatom have not been used much as dipolarophiles. 
Most of the studies reported so far were devoted to the reactivity of the ()^^)P=N 
bond of iminophosphanes. Amino(iminophosphanes) react with diazoalkanes to 
form 4,5-dihydro-3//-l,2,3,4-triazaphospholes or, by N 2 loss from the latter, to 
imino(alkylidene)-)L^-phosphoranes (5,238). With P-halogeno-(arylimino)phos- 
phanes 174 and the appropriate diazo compounds, 3//-l,2,3,4-triazaphospholes 
175 (167) and 176 (239) (Scheme 8.40) were obtained as the major products after 
cycloaddition and eliminative aromatization. 

The P=N bond of amino(imino)thioxophosphorane 177 is readily cyclopropa- 
nated even at 0°C, with formation of phosphaaziridine 178. An intermediate [3 -I- 2] 




8.3. Cycloadditions with Heteroatom-Heteroatom Double Bonds 



577 



Ar-N=P-X 

(174) 



Cl 

I 

R2P = C = N2 
X = C1 
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p' 

0 T AJ, 



R = N(C6Hii)2 



N. 



"f-Bu 



(177) 



(178) (75%) 



Scheme 8.40 



cycloaddition product is likely (190). Bis(trimethylsilylimino)[bis- (trimethyl- 
silyl)amino]phosphorane reacts in an analogous manner (240). On the other hand, 
the P=N bond present in alkylidene(amino)iminophosphoranes does not compete 
with the P=C bond for a diazo dipole (see Scheme 8.29). 

Little is known about using a P=S bond as a dipolarophilic unit. Indirect 
evidence of a 1,3-dipolar cycloaddition in the case of 2,2-dimethyl- 1 -diazopropane 
with the short-lived amino(thioxo)phosphane R,N— P=S (R= SiMe 3 ) exists (190). 
More remarkable is the formation of 1,3,4,2-thiadiazaphospholine 182 from diazo 
compound 180 and 0.5 equiv of Lawesson’s reagent ( 179 ) (Scheme 8.41) (241). 
This and similar results with nitrones and nitrilimines suggest that the monomeric 
dithiometaphosphate form of 179 can be trapped in a dipolar cycloaddition across 
the P=S bond. A spontaneous 1,3-R shift in cycloadduct 181 would then lead to the 
final product. 



,S, , 

Ar S S 



R N 

Ar R 2 C=N 2 ( 180 ) ^ 



THF, rt 



(179) 

Ar = C6H4-4-OMe 



A ' S 

Ar 

(181) 

R = SnMej, PN(;-Pr 2)2 



R^.N, .R 

Ar 

(182) 



Scheme 8.41 
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CH2N2 A 

R2EI— EIR2 

(184) EIR 2 = Si(2,6-Me2-C6H3)2 

(185) EIR 2 = Ge(2,6-Et2-C6H3)2 

N=CHRi 
N 

R2EI— EIR2 

(186) EIR 2 = Si(2,4,6-Me3-C6H2); R* = Ph 

(187) EIR 2 = Ge(2,4,6-i-Pr3-C6H2)2; R* = H, TMS 

Scheme 8.42 



-N2 



R2E1=E1R2 



R*CH=N2 



8.3.2. Other Heteroatom-Heteroatom Double Bonds 

Compounds with a Si=Si or Ge=Ge bond (i.e., disilenes and digermenes) can 
be isolated when the double bond contains bulky substituents. Only a few 
cycloaddition reactions with diazo compounds are known, and two reaction modes 
have been observed. One of the paths leads to the formation of disiliranes 184 (242) 
and digermiranes 185 (243) (Scheme 8.42), probably by ring contraction of an 
initially formed [3 + 2] cycloaddition product. The other path involves a 1,1- 
cycloaddition of the diazoalkane to give disilaaziridine 186 (244) and digermaazir- 
idine 187 (245). This nitrene-like reactivity is rather uncommon although some 
intramolecular examples are known (see Section 8.6.1). 



8.4. CYCLOADDITIONS WITH HETEROCUMULENES 



A statement made in an earlier review (5), that the synthetic potential of 
cycloadditions of diazo compounds with heterocumulenes does not appear to 
have been extensively probed, is still valid. This may be due in part to the 
complexity of the reaction. Instead of a concerted [3 + 2] cycloaddition, nucleo- 
philic addition of the diazo compound at the heterocumulene can lead to a 
diazonium betaine from which several different products can arise with or without 
conservation of the azo moiety. 

Diazo(trimethylsilyl)methyl lithium (3) was found to be the reagent of choice for 
the synthesis of azoles from heterocumulenes (Scheme 8.43). The reaction is 
typically carried out in ether at 0-20 °C. Thus, alkyl- (or aryl-)substituted keteni- 
mines are transformed into 1,2,3-triazoles 188 (246), while C-acceptor-substituted 
ketenimines yield either 4-aminopyrazoles 189 or 1,2,3-triazoles, depending on 
the substituents (247). Isocyanates are converted into 5-hydroxy- 1,2,3-triazoles 
190 (248). Reaction of 3 with isothiocyanates are strongly solvent dependent. 
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Scheme 8.43 



2-Amino-l,2,4-thiadiazoles 191 are obtained when ether is used (249), while 5- 
alkylthio- 1,2, 3-triazoles 192 result when the reaction is carried out in THF (250). 
Reaction of 3 with carbon disulfide leads to 5-alkylthio-l,2,3-thiadiazoles 193 
(251). While 3 can act as a synthetic equivalent of the RC— N— N synthon (R = H, 
SiMe 3 ) in all these reactions, it should be emphasized that it does not react by a 
concerted 1,3-dipolar cycloaddition but rather by a stepwise polar mechanism. The 
highly nucleophilic character of 3 can account for why diazomethane and 
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ArN=C=0 



15-65% 



R'-C-C-SiRj 

II II 

O N2 



1. r3CON=C=S 

2. H20 



29-38% 
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(195) 
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Scheme 8.44 



diazo(trimethylsilyl)methane either do not react or react differently with the same 
heterocumulene s . 

Silyl-substituted diazoketones 29 cycloadd with aryl isocyanates to form 1,2,3- 
triazoles 194 (252) (Scheme 8.44). This reaction, which resembles the formation of 
5-hydroxy- 1,2,3-triazoles 190 in Scheme 8.43, has no analogy with other diazo- 
carbonyl compounds. The benehcial effect of the silyl group in 29 can be seen from 
the fact that related diazomethyl-ketones do not react with phenyl isocyanate at 
70 °C (252). Although the exact mechanistic details are unknown, one can speculate 
that the 2-siloxy-l-diazo-l-alkene isomer 30 [rather than 29 (see Section 8.1)] is 
involved in the cycloaddition step. With acyl isocyanates, diazoketones 29 cycloadd 
to give 5-acylamino-l,2,3-thiadiazoles 195 by addition across the C=S bond (252), 
in analogy with the behavior of diazomethyl-ketones and diazoacetates (5). 

Only a few examples of the reaction of diazo compounds with isoselenocyanates 
are available and this is probably due to the difficulty of preparing these hetero- 
cumulenes. Although aroylisoselenocyanates 196 (Scheme 8.45) are readily formed 
from the reaction of acid chlorides and KSeCN, they were never isolated in pure 
form. Nevertheless, it was possible to trap the in situ generated heterocumulenes 
196 by [3-1-2] cycloaddition with diazo compounds. Thus, 1,2,3-selenadiazole 197 
was obtained from 196 and diazomethane (253). Treatment of benzoylisoseleno- 
cyanate with diazodiphenylmethane furnished benzo[h]selenophene 198 in 27% 
yield (254). The initial [3 + 2] cycloaddition product rapidly lost N 2 and the 
intermediate dipolar species recyclized with participation of the phenyl ring to 
give 198 . Generation of 196 in the presence of ethyl diazoacetate resulted in the 
formation of 2-aroyl-5-aroylimino-l,2,3-selenadiazoles in moderate yield (255). It 
was assumed that the initial cycloaddition product underwent tautomerization to 
form the 277- 1,2,3-selenadiazole that was rapidly A-acylated by excess acid 
chloride. The acyl group could be removed by treatment with morpholine to give 
5-aroylamino-l,2,3-selenadiazoles 199 . The formation of 197 and 199 indicates 
that the 1,3-dipolar cycloaddition of diazo compounds across the C=Se bond of 
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Scheme 8.45 



isoselenocyanates and selenoketones (Section 8.2.5) occurs with different regios- 
electivity. 

Ketenes rarely produce [3 + 2] -cycloaddition products with diazo compounds. 
The reaction possibilities are complex, and nitrogen-free products are often 
obtained (5). Formation of a cyclopropanone represents one possibility. Along 
these lines, the synthesis of (Z)-2,3-bis(trialkylsilyl)cyclopropanones and (Z)-2- 
trialkylsilyl-3-(triethylgermyl)cyclopropanones from diazo(trialkylsilyl)methanes 
and appropriate silyl- or germylketenes has been reported (256,257). It was found 
that subsequent reaction of the cyclopropanone with the diazoalkane was not a 
problem, in contrast to the reaction of diazomethane with the same ketenes. The 
high cycloaddition reactivity of diazomethylenephosphoranes also extends to 
heterocumulenes. The compound R2P(C1)=C=N2 (R = N((-Pr) 2 ) reacts with CS 2 , 
PhNCO and PhNCS to give the corresponding 1,2,3-triazole derivative (60). 

8.5. CYCLOADDITIONS WITH TRIPLE-BOND SYSTEMS 

8.5.1. Alkynes 

The 1,3-dipolar cycloaddition of diazo compounds with alkynes represents 
a standard method for the preparation of pyrazoles. The initially formed 
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3//-pyrazoles 200 and/or their regioisomers 202 (Scheme 8.46) can be isolated if 
the substituent group is a poor migrator (i.e., H, SiMe 3 , acyl, phosphoryl). These 
substrates are interesting precursors of cyclopropenes and of vinyldiazoalkanes. A 
1,5-(C ^ N) substituent migration converts the 3//-pyrazoles 200 into l//-pyra- 
zoles 201 (and 202 into 203 ). For the case where R* = H, an equilibrium of the 
two NH-tautomeric forms is often found or postulated. Isomerization of 200 by 
two sequential 1,5-sigmatropic shifts followed by 1,5 (C ^ N) is also known. 
For example, the isomerization of dimethyl 3, 3-dialkyl- 3//-pyrazole-4,5-dicarbox- 
ylates into dimethyl 4,5-dialkylpyrazole-l,3-dicarboxylates represents such a case 
(258). 

In terms of reactivity, the same general principles as observed with olefinic 
dipolarophiles (see Section 8.1) apply. For simple diazoalkanes, the cycloaddition is 
HOMO(dipole)-LUMO(dipolarophile) controlled. Conjugating and electron- 
withdrawing substituents at the triple bond accelerate the reaction. The cycloaddi- 
tion of diazomethane with the more electron-rich triple bond of ethoxyacetylene is 
also known. This reaction was recently reinvestigated and it was found that it 
produces not only 4-ethoxypyrazole but also a small amount of the 3-ethoxy isomer 
(96:4 mixture) (25). PM3 calculations of the transition structures as well as an 
analysis of perturbation energies suggest that FMO interactions which result from 
distortions in the transition structures due to closed-shell repulsions between the 
reactants account for the observed regiochemistry. By using the same theoretical 
treatment, the opposite regiochemistry encountered when ethyl vinyl ether was used 
as a dipolarophile could also be explained (25). 

[3 + 2] Cycloadditions have been reported for many combinations of diazo 
compounds and alkynes (5). A few recent examples are given in Table 8.2. An 
inspection of entries 2-4 shows that the regiochemical behavior of internal 
sulfonylalkynes is totally reversed when the second substituent (R^) is changed 
from Me or Ph to SiMe 3 . This difference was explained in terms of a steric effect of 
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TABLE 8.2. PYRAZOLES 200-203 FROM ALKYNES R‘C=CR^ AND 
DIAZOCOMPOUNDS R^R'^CNi 



Entry 


r‘ 


R^ 


R^ 


R^ 


Pyrazole 


Reference 


1 


TMS 


TMS 


H 


C02Me 


201a 


259 


2 


Me, Ph 


S02Ph 


Me 


Me 


200b (95%) 


260 


3 


TMS 


SO2T0I 


Me 


Me 


202c (>98%) 


260 


4 


TMS 


COMe 


Me 


Me 


202e( ~ 100%) 


260 


5 


PhSe 


SO2T0I 


H 


H 


203d (81%) 


261 


6 


TMS 


SO2T0I 


Li 


P(Ni-Pr2)2 


201f“ 

(R' = H) 


262 


7 


TMS 


SO2T0I 


P(Ni-Pr2)2 


H 


201g'’ 


262 


8 


Ph 


C=CPh 


Me 


Me 


2000(61%),*^ 
202f (15%) 


263 


9 


CF3 


CH(Me)OAc 


H 


H 


201i (63%)“' 


264 



‘' 3 -Bis(diisopropylamino)thiophosphoryl- 5 -tosyl- 4 -trimethylsilyl-l//-pyrazole ( 65 %) was isolated after 
treatment with Sg. 

* l-Bis(diisopropylamino)thiophosphoryl- 3 -tosyI- 4 -trimethylsilyl-l//-pyrazole was isolated after treat- 
ment with Sg ( 93 %). 

A small amount of bipyrazole was also formed. 

“^With excess diazomethane, 201i is transformed into the 1 -Me— 4-CP3— 3 -R^ and 1 -Me— 4-CP3— 5 -R^ 
derivatives. 



the SiMes group that overrules the orientation expected on the basis of FMO 
interactions (260). A similar effect was invoked to rationalize the opposite 
regiochemistry of diazocarbonyl compounds with terminal and trimethylsilyl- 
substituted alkynyliodonium salts 204 (265) (Scheme 8.47). The formation of 
(pyrazol-4-yl)phenyliodonium salts from 204 , R' = COt-Bu (265) or CN (266), 
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Scheme 8.47 



R = Me, t-Bu 
(25-26%) 
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with diazoacetates, however, is in agreement with expectations based on FMO 
theory. 

Trifluoromethyl-substituted pyrazoles are easily obtained using trifluoromethyl- 
alkynes as dipolarophiles (Table 8.2, entry 9). Thus, treatment of 4,4,4-trifluorobut- 
2-ynoic acid with excess diazomethane gave methyl 4-(trifluoromethyl)pyrazole-4- 
carboxylate (45%) accompanied by its hP' - (32%) and -methylated (6.5%) 
derivatives (267). Another convenient route to CFs-substituted pyrazoles involves 
dipolar cycloaddition of appropriately CF3- substituted alkenes followed by elimi- 
native aromatization (76,77,268). For example, the reaction of alkenes such as 
(CF3)2C=C(H)COAr with ethyl diazoacetate gave 4-aroyl-5-trifluoromethylpyra- 
zole-3-carboxylates (268). 

Cycloaddition of diazo(trimethylsilyl)methane across the triple bond of alky- 
nylcarbene tungsten or chromium complexes 205 proceeds regioselectively and 
produces pyrazoles 206 (Scheme 8.48) (269). These compounds were demetalated 
to give pyrazolecarboxylates 207 . Thus, the carbene complex 205 can act as the 
synthetic equivalent of the corresponding propiolic acid ester and offers the 
advantage of regiochemical control. The cycloaddition of Me3SiCHN2 with methyl 
but-2-ynoate afforded a 35:65 mixture of pyrazole 207 and its regioisomer (269). 
The conversion of pyrazole 206 (R = Me) into pyrazoloquinones 208 illustrates 
additional synthetic opportunities of these pyrazolylcarbene complexes. 

Acetylenedicarboxylic acid esters and related activated alkynes are routinely 
used as dipolarophiles for diazo dipoles. Recent examples include the use of diazo 
compounds 20 (49), 23 (51), and 24 (52) (Scheme 8.7), 25 (56) (Scheme 8.8), 
diazoacetaldehyde dimethylacetal (41) (which after cycloaddition and deprotection 
gave the corresponding pyrazole-3-carbaldehyde), ethyl 3 -diazopyruvate (270), 
;?-tolyl-trifluoromethyldiazomethane (271), bis(trifluoromethyl)diazomethane (272), 
and diazomethylenephosphoranes (60). 




Scheme 8.48 
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Scheme 8.49 



Another method used to prepare dialkyl-suhstituted diazomethanes involves the 
photolysis of 2-alkoxy-2, 5-dihydro- 1 , 3, 4-oxadiazoles ( 209 ), which can be prepared 
by the oxidative cyclization of A-acetylhydrazones. The diazoalkanes are trapped 
in situ by cycloaddition with dimethyl acetylenedicarboxylate (54) (Scheme 8.49). 
The resulting pyrazoles 210 are converted into cyclopropenes 211 by continued 
irradiation. 

There are several reports in the literature dealing with the bimolecular [3 + 2] 
cycloaddition reactions of alkynyl-substituted diazo compounds. Propargyl diazoa- 
cetate 212 , when stored for 2 weeks at 0°C, was transformed into an oligomer to 
which the constitution 213 was assigned (273) (Scheme 8.50). The alkynyl- 
diazoketone 214 requires a much higher temperature and is transformed into 
pyrazole 215 , which probably arises from intermolecular cycloaddition, pyrazole 
tautomerization, and carbenic N/H insertion (274). The inter-intramolecular 




Scheme 8.50 
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cycloaddition cascade of (alkynyldiisopropylsilyl)oxy-diazoacetates is described in 
more detail in Section 8.6.2. 



8.5.2. Nitriles 



Diazo compounds generally do not undergo [3 + 2] cycloaddition with unac- 
tivated nitriles under purely thermal, noncatalyzed conditions. The formation of 4- 
R-5-trimethylsilyl-l/f- 1,2, 3-triazoles from the reaction of diazo(trimethylsilyl)- 
methyl lithium and a broad range of nitriles [RCN; R = alkyl, aryl, SEt, OPh, 
PO(OEt) 2 ] appears to be an exception, but this reaction most likely occurs in a 
stepwise manner with initial nucleophilic attack at the nitrile (275). 

If the C=N function is attached to an electron-withdrawing group, 1,3-dipolar 
cycloaddition with diazoalkanes occurs leading to 1,2,3-triazoles (5, 276). When 
diazomethane is used, the initially formed NH-triazole is not isolated due to a rapid 
subsequent NH deprotonation followed hy N-methylation. Consequently, a mixture 
of the three Wmethyltriazoles is formed when methyl cyanoformate (71) (216) or 
trichloroacetonitrile (276) (217) is treated with excess diazomethane (Scheme 8.51). 
Huisgen and co-workers found that methyl diazoacetate reacts with TCNE by a 1,3- 
dipolar cycloaddition at the C=C bond and not, as published earlier by other 
authors, at one of the nitrile functions (72). 

8.5.3. Heteroatom-Heteroatom Triple Bonds 



Diazomethane reacts with 4-nitrobenzenediazonium chloride to give the 1- 
aryltetrazole 218 (Scheme 8.52) in addition to other products (277). This long- 
known reaction was revisited when the dipolarophilic character of the arenediazo- 
nium salt was realized (278). The tetrazole probably arises by a concerted 1,3- 
dipolar cycloaddition rather than by a two-step process. However, the observed 
regiochemistry is difficult to reconcile with either mechanism. 

A concerted [3 + 2 ] cycloaddition (or a two-step process) followed by deproto- 
nation, can also explain the formation of tetrazole 220 (279). In this case, the 
amidinio- substituted diazophosphoryl compound 219, which has a resonance 
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Scheme 8.51 
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contribution from the 2,2-bis(dimethylamino)ethenediazonium structure, can also 
function as the dipolarophile. Cycloaddition of a diazo dipole with a diazonium 
function may also be involved in the formation of tetrazole 222 (280). It was 
suggested that isocyanoamine 221 is first converted into the transient diazomethy- 
lenephosphorane 222, which then cyclodimerizes with the incorporation of a PPhz 
molecule. Diazocumulenes R3SiO(R^)C=C=Nz may also function as N=N 
dipolarophiles towards diazo compounds (281). 

Diazo(trimethylsilyl)methyl lithium reacts with white phosphorus (P4) in THF to 
form the 5-trimethylsilyl-l,2,3,4-diazadiphospholide lithium salt (282). This novel 
heteroaromatic system formally represents the cycloaddition product of a diazo 
dipole and a P=P bond. However, the true mechanism of this reaction is not known. 

8.5.4. Phosphaalkynes 

Phosphaalkynes of the type RC=P, featuring a three-valent phosphorus atom 
with coordination number 1 ()l^cj'-P), represent novel organophosphorus com- 
pounds. Their chemistry has been extensively investigated since 1981, when the 
first synthesis of a kinetically stabilized phosphaalkyne (t-BuC=P) was reported 
(283). Several reviews on the cycloaddition chemistry of these compounds with 
diazo compounds have been published (284-286). 
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Phosphaalkynes 224 are suitable building blocks for the preparation of a 
variety of heterophospholes by reaction with different 1,3-dipoles. The [3-1-2] 
cycloaddition with diazo compounds (Scheme 8.53) is almost always regiospecific 
and affords 3//-l,2,4-diazaphospholes 225 as the initial products. These structures 
can be isolated in those cases where the diazo carbon atom bears two substituents 
that are not capable of undergoing a further 1,5-sigmatropic shift. If a 1,5-shift 
occurs, the group usually migrates to the phosphorus atom rather than to the 
nitrogen atom. Interestingly, for the 3-trimethylsilyl-substituted derivative 225 
[R = t-Bu, R' = SiMe 3 , R^ = P=C(SiMe 3 )Ph], a silyl shift to nitrogen was found 
(287). With some 3,3-dialkyl-substituted derivatives of 225 (R\R^ = alkyl), a 
proton-catalyzed isomerization to 226 occurred upon storing in CHCI 3 (288). 
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The 3//- 1 ,2,4-diazaphospholes formed from the reaction of diazomethane and its 
monosubstituted derivatives (R^CH=N 2 ; R* = H, alkyl, aryl, acyl, phosphoryl) 
could not be isolated due to a rapid 1,5-H shift leading to 2//-l,2,4-diazaphospholes 
227 . When diazo(trimethylsilyl)methane or [bis(diisopropylamino)phosphino]dia- 
zomethane was used, the l, 5 -SiMe 3 [or PR 2 , R = N((-Pr) 2 ] shift completely 
dominates over the H shift (289,290). In the case of open-chain or cyclic 
a-diazoketones, cycloadducts 228 cannot be isolated due to rapid acyl shifts giving 
229 and ultimately 230 (289). This transformation offers a versatile method to 
prepare [i?] -fused 1,2,4-diazaphospholes from cyclic a-diazoketones and phos- 
phaalkynes (289). 

7ert-butylphosphaacetylene ( 224 , R = t-Bu) has played a major role in under- 
standing the chemistry of kinetically stabilized phosphaalkynes. This alkyne has 
been subjected to 1,3-dipolar cycloaddition chemistry using a broad range of diazo 
compounds (286): [226 (R = t-Bu): R\R^ = alkyl, and R^ - • R^ = cycloalkyl 
(286,288); R^ = R2 = Ph (291). - 227 (R = t-Bu): R'=H, Me, Ph, t-Bu, COOR, 
COPh, POPh 2 (289,292); R^ = H, SiMej instead of H (289); R* = H, P(N((-Pr) 2)2 
instead of H (290). - 230 : R' = Me, Ph, S 02 Ph, CONHPh, R^ = Me (289); 
R^ = R^ = Ph (289); R^ - R^ = ring systems (289)]. Other kinetically stabilized 
phosphaalkynes behave analogously [e.g., 224 , R= 1-adamantyl (293), i-Pr (294), 
CH 2 t-Bu (294), 1-methylcyclopentyl and 1 -methylcyclohexyl (294), SiMe 3 (295), 
mesityl (296)]. Short-lived phosphaalkynes such as methylidinephosphane (297), 
(HC=P) and H 3 C— C=P (298) were easily characterized by their 1,3-dipolar 
cycloaddition reactions with diazomethane and diazoacetates. From HC=P ( 231 , 
Scheme 8.54) and tert-butyl diazoacetate, a mixture of the two regioisomeric 
adducts 232 and 233 was obtained. This represents the only example in the 
literature of a nonregiospecific 1,3-dipolar cycloaddition of a diazo dipole with 
an electronically unaltered P=C bond. Simple FMO theory cannot explain the 
observed regioselectivity with phosphaalkynes, since the orbital coefficients at P 
and C are nearly equal in both the HOMO and the LUMO. Ab initio calculations on 
the [3 + 2] -cycloaddition reaction of HC=P with diazomethane were carried out at 
different levels of theory, including CCSD(T)/6-3 1 1 + G* // MP2/6-3 1 1 + G*. They 
show that the barrier leading to 3//-l,2,4-diazaphosphole is lower in energy (by 
1-2 kcal mol“\ depending on the theoretical level) than the one leading to 5H- 
1,2,3-diazaphosphole thereby indicating that this reaction is under kinetic control 
(299). However, the small difference in activation barriers does not really ade- 
quately explain the preference for the 3//-l,2,4-diazaphosphole that was observed 
experimentally. 
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The potential usefulness of 3//-l,2,4-diazaphospholes for the synthesis of other 
phosphorus heterocycles was demonstrated using 234 (Scheme 8.55) which, after 
UV irradiation at — 40°C, gave a 5:1 mixture of 4,5-dihydro-3//-phospholes 235 
and 236 . The latter compound is the first example of the previously unknown 2H- 
phosphirene system (288). This reaction probably proceeds via a photochemical 
ring opening of 234 and formation of a phosphavinyl carbene. 

When phosphaalkynes are exposed to bis- and tris(diazo) compounds, bis- or 
tris(l,2,4-diazaphosphol-5-yl) compounds are formed that may be further converted 
into a variety of novel heterocyclic systems. For example, bis- and tris[diazo(tri- 
methylsilyl)methyl]phosphanes 237 and 240 afforded bis- and tris(diazaphospho- 
lyl)phosphanes 238 and 241 after cycloaddition with tert-butylphosphaacetylene 
followed by a subsequent 1,5-silyl shift (Scheme 8.56) (300). Reaction with 
electrophilic halides at the Wsilyl functions allows the introduction of a heteroatom 
bridge between the diazaphosphole ring leading to polycyclic ring systems such as 
239 and 242 . 

The reaction of the electron-rich phosphaalkyne 243 with monosubstituted diazo 
compounds (R^CH=N 2 , R* = CF 3 , C 02 Me) is remarkable because it furnishes a 
mixture of the regioisomeric cycloaddition products (1//-1,2,4- and 1//- 1,2,3- 
diazaphospholes) where the normal regioisomer predominates (301). When 
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disubstituted aryldiazoalkanes are used, the reaction does not stop at the expected 
1,2,4-diazaphosphole 244 but rather gives the bicyclic products 246 (302) (Scheme 
8.57). It was proposed that 244 is first transformed into 245 by a [4 + 2] 
cycloaddition with excess phosphaalkyne and that this is followed by cycloelimina- 
tion of (i-Pr) 2 N— CN and subsequent reaction of 245 with the diazo compound to 
give 246. This mechanistic postulate is supported by the isolation of 245 
(R' • • -R' = CH=CH— CH=CH) from the reaction of 243 with diazocyclopenta- 
diene. 




592 



Diazoalkanes 



PEC-NR2 



R‘r2C=N2 



(243) 



2^ 



+ 243 



R 



-NR, 



N=N 



(244) 



R = i-Pr 
r1 = r 2 = ph 
R* = Ph, r 2 = Me 
R'R^C = 9-fluorenylidene 






R 



N= 



(245) 



NR, 



R‘R^C=N2 



R 






R^ 



R 



N= 



NR, 



(246) 



Scheme 8.57 



8.6. INTRAMOLECULAR CYCLOADDITION REACTIONS 

8.6.1. Intramolecular Cycloadditions Involving C=C Bonds 

Earlier results dealing with the intramolecular cycloaddition reactions of olefinic 
diazo compounds have been briefly summarized (303,304). The [3 + 2] cycloaddi- 
tion reactions can be achieved when the diazo carbon and the C=C bond are 
separated by three or more atoms. Conformational and steric effects are clearly 
important in these reactions. Open-chain diazoalkenes 247a (305) and 247b (306), 
generated from either a tosylhydrazone salt or by thermolysis of an iminoaziridine 
precursor, undergo [3 + 2] cycloaddition with formation of a 2,3-diazabicyclooc- 
tene (Scheme 8.58). Interestingly, the diazo-compound analogous to 247b, but with 
one CH, group less in the chain, did not cyclize (306). Intramolecular 1,3-dipolar 
cycloaddition was also observed for 2-alkenyl- 1-diazocyclobutanes (248) (307) 
(Scheme 8.58). o-Allyl, o-[(Z)- and (£)-2-butenyl], and o-(3-butenyl)-substituted 
diazotoluenes also undergo intramolecular pyrazoline formation when generated 
from the corresponding tosylhydrazones or aziridinylimines (305). As demonstrated 
in Scheme 8.59, the cycloaddition of 249 is stereospecific and proceeds with 
retention of configuration about the olefinic double bond. However, this is not the 
case for the subsequent A '-pyrazoline ^ cyclopropane ring contraction that occurs 
at elevated temperatures. a-Diazoketone 250 isomerizes into pyrazoline 251 at 
— 10°C (Scheme 8.59) and the loss of N, from the latter proceeds at 25 °C to give a 
1:1 mixture of a cyclopropanoindene and an indene (308). 

The intramolecular [3 + 2 ] cycloaddition reaction of diazoalkane 252 (Scheme 
8.60) is remarkable for its high asymmetric induction. Due to the presence of the 
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Scheme 8.58 



homochiral aminal moiety, pyrazoline 253 is formed as a single diastereoisomer, 
while the analogous reaction involving a Al-henzylnitrone was almost totally 
nondiastereoselective (309). 

With respect to the large number of unsaturated diazo and diazocarbonyl 
compounds that have recently been used for intramolecular transition metal 
catalyzed cyclopropanation reactions (6-8), it is remarkable that 1,3-dipolar 
cycloadditions with retention of the azo moiety have only been occasionally 
observed. This finding is probably due to the fact that these [3 + 2] -cycloaddition 
reactions require thermal activation while the catalytic reactions are carried out at 
ambient temperature. AI-Allyl carboxamides appear to be rather amenable to 
intramolecular cycloaddition. Compounds 254-256 (Scheme 8.61) cyclize intra- 
molecularly even at room temperature. The faster reaction of 254c (310) and 
diethoxyphosphoryl-substituted diazoamides 255 (311) as compared with diazo- 
acetamides 254a (312) (ii /2 ss 25 h at 22°C) and 254b (310), points to a LUMO 
(dipole) — HOMO(dipolarophile) controlled process. The A'-pyrazolines expected 
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(249) 




Scheme 8.59 



from 255 and 256 were not isolated, as they readily isomerize into A^-pyrazolines 
257 or form cyclopropanes 258 by spontaneous extrusion of N 2 (311). 

(Allyloxysilyl)diazoacetates 259 are transformed into oxasiloles 260 upon 
heating (313) (Scheme 8.62). It is assumed that a A^-pyrazoline is formed as a 
transient intermediate that loses N 2 and generates a 1,3-diradical from which the 
product is formed by transposition of a H atom. 




(252) 

Scheme 8.60 
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In a novel total synthesis of the tricyclic sesquiterpene (— )-longifolene, an 
intramolecular diazoalkane cycloaddition to a cyclohexadienone ring followed hy 
thermal ring contraction of the resulting pyrazoline gave the tricyclic vinylcyclo- 
propane 261 and this constitutes the key steps in this synthesis (314) (Scheme 8.63). 
The interesting features of this sequence are the separation of dipole and 
dipolarophile hy five atoms and the formation of a seven-membered ring in the 
cycloaddition step. 

The reaction (315) shown in Scheme 8.64 is unusual in two respects. First, 
tosylhydrazone sodium salts usually do not fragment at room temperature 
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Scheme 8.63 



(262^263). Second, the formation of the diazobenzazocine derivatives 264a-e 
represents an unprecedented reaction for intramolecular 1,3-dipolar cycloaddition 
reactions of diazo compounds. Note that diazo compounds such as 247a (305) and 
248 (307) also give bridged diazabicyclo[n.2.1]alkenes rather than fused diazabi- 
cyclo[n.3.0]alkenes upon treatment with Bp 3 -etherate, but these transformations 




(264) (265) (266) 



a: r' = r2 = H (264, 86%); b: R' = H, R^ = Me (264, 75%); 

c: R‘ = H, r2 = Ph (264, 67%; 266, 19%); d: R' = R^ = Me (264, 88%); 

e: R‘ = H, r 2 = C02Me (264, 28%; 265, 59%) 



Scheme 8.64 
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Scheme 8.65 



proceed by a stepwise, polar mechanism. Only when the C=C bond is activated by 
an ester group does the [3 + 2] cycloaddition proceed with the expected regio- 
selectivity (263 ^ 265e), but even in this case only to a minor extent. In line with 
the resulting stereochemistry of the product, a helical transition state for the 
cycloaddition leading to 264 was proposed. Replacement of the cyclopentene by 
a cyclohexene ring (or a CMe=CPh moiety) in 263 favors the formation of 
cyclopropane 266. In the case of the CMe=CPh unit (see 283 in Scheme 8.69), 
a I,I0b-dihydropyrrolo[2,i-fl]phthalazine is also formed and probably arises form 
an initial intramolecular 1,1 -cycloaddition of the diazo functionality. 

An exceptionally interesting example of an intramolecular [3 + 2] cycloaddition, 
in which the diazo dipole and the olefinic C=C bond are separated by only one 
carbon atom, is outlined in Scheme 8.65. The thermal decomposition of the allenic 
tosylhydrazone sodium salt 267 produced 1 ,4-dihydropyridazine 269 (57). It is 
assumed that diazabicyclohexene 268 is a short lived reaction intermediate. This 
suggestion is supported by the observation that the generation of the diazocumulene 
l-diazo-2-methyl-l-propene in the presence of 3,3-dimethylcyclopropene also 
leads to 269. 

7-Alkoxy-5-diazomethyl-5//-benzocyclopentenes of type 270 undergo an un- 
usual isomerization reaction leading to tetracyclic azo compounds 271 (316,317) 
(Scheme 8.66). The reaction readily occurs upon chromatographic workup of the 
diazo compounds that are prepared by electrophilic diazoalkane substitution using 
benzotropylium salts. The isolated diazo compounds are thermally converted into 
271. The isomerization reaction was interpreted as a formal [4-1-3] cycloaddition. 
Since [47r-f47r] cycloaddition reactions are thermally disallowed processes, a 
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stepwise mechanism was proposed (Scheme 8.66). The fact that the 7-alkoxy 
substituent is necessary for the isomerization of 270 to occur lends support to this 
mechanistic proposal and renders less likely an alternative 1,3-dipolar cycloaddi- 
tion across the 8,9-double bond followed by a formal 1,3-shift of a nitrogen atom. 
Compounds 271 were used to synthesize benzosemibullvalenes ( 272 ) by thermal 
extrusion of nitrogen. 

Intramolecular reactions that differ from the 1,3-dipolar type are also known for 
olehnic diazo compounds. a,P-Unsaturated diazo compounds are known to undergo 
1,5-cyclization to give pyrazoles. This reaction type may be considered as a variant 
of an intramolecular [3 -I- 2] cycloaddition. A recent ab initio and DPT study 
classified the cyclization of vinyldiazomethane to 3//-pyrazole as a monorotatory 
pericyclic process (318). 

As shown in Scheme 8.67, the cyclization of diazoalkenes 273 requires thermal 
activation and not only affords 3/7-pyrazoles 274 , but also cyclopropenes 275 that 
are formed from carbene intermediates (319). The activation parameters for 
cyclopropene formation (i.e., N 2 elimination from 273 ) have been determined 
(320). A novel example involves the cyclization of the 3-nitro-l-diazoprop-2-ene 
derivative 276 into pyrazolopyridine derivative 277 (45). 

The 1,5-cyclization reaction also occurs with (phosphavinyl)diazoalkanes. Thus, 
(methylenephosphanyl)diazoalkanes 278 , generated by electrophilic diazoalkane 
substitution, readily cyclizes at low temperatures (321,322) (Scheme 8.68). The 
expected 3//-l,2,4-diazaphospholes 279 were not detected due to their rapid 
conversion into li/-l,2,4-diazaphospholes 280 by a silyl shift and concomitant 
aromatization. 
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Scheme 8.67 



The terminal nitrogen atom of a diazo dipole is also able to undergo an 
intramolecular, nitrene-like, [2+1] cycloaddition across a C=C bond. This 
aziridination reaction, which is in principle reversible, has been termed a 1,1- 
cycloaddition. It was first encountered for a number of allyl-diazomethane deriva- 
tives, all of which were phenyl substituted at the diazo carbon (323-327). 
Theoretical studies (327,328) suggest that the nitrene-like character of the terminal 
nitrogen atom of the diazo group is enhanced if the attached substituent is 
7i-attracting and cj-withdrawing, properties fullfilled by a phenyl group. Examples 
281 and 282 (324), shown in Scheme 8.69, illustrate that the cycloaddition is 
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Scheme 8.69 



stereospecific and occurs with retention of stereochemistry about the double bond. 
An intramolecular 1,1 -cycloaddition at the disubstituted C=C bond of 283 may 
account for the formation of pyrrolo[2,l-a]phthalazine derivative 284. It was 
assumed that the resulting vinylaziridine undergoes fast ring expansion under the 
reaction conditions (315). 

Various a,(3;y,§-unsaturated 1,3-dipoles are known to undergo 1,7-cyclization by 
a Stt-electrocyclization process (329,330), and the corresponding diazo compounds 
behave similarly. 5-Diazopenta-l, 3-diene derivatives such as 285 (Scheme 8.70), 
generated in situ by thermolysis of the corresponding tosylhydrazone sodium salts, 
cyclize to form 1,2-diazepines ( 286 ) (331). Sharp and co-workers studied the 
mechanism, scope, and limitations of this transformation. It was found that cis- 
substitution about the y,8-double bond prevents the 1,7-cyclization and directs the 
system toward 1,5-cyclization (332,333) (i.e., formation of a 3//-pyrazole), and that 
the a,P-double bond can be part of a phenyl ring (334). In special cases, the y,§- 
double bond can be incorporated as part of an aromatic [287 ^ 288 (335)] or 2- or 
3-thienyl ring as well (336). 

A related 1,7-cyclization has been invoked to account for the formation of 
diazepine 292 from the electrophilic diazoalkane substitution reaction of ethyl 
diazoacetate and dimethyl diazomethylphosphonate, with the 2,4,6-trimethylpyr- 
ylium salt 289 (337) (Scheme 8.70). While the expected 4-(diazomethyl)-4//-pyran 
290 could be isolated (20-22%), the 2-substituted isomer 291 was not. It was 
proposed that this latter species underwent htt-electrocyclic ring opening followed 
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R R 




R = C02Et, PO(OMe )2 

Scheme 8.70 



by a 1,7-cyclization of the resulting a,P;y,5-unsaturated diazo compound and a 
subsequent tautomeric H-shift to give 292 (19-21% yield). If this interpretation is 
correct, it should be noted that the 1,7-cyclization reaction occurs in spite of the 
1,2-cis-substitution about the y,§-double bond. 

8.6.2. Intramolecular Cycloadditions Involving C=C Bonds 

Intramolecular [3 + 2] cycloaddition reactions of diazo dipoles across carbon- 
carbon triple bonds are rare. The hrst reported example involves the quantitative 
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Scheme 8.71 



formation of phenanthro[9,10-ii]-l//-pyrazole from 2-diazo-2'-ethynylbiphenyl 
(338). Acetylenic diazo ketones 293 and 294 undergo an intramolecular cycloaddi- 
tion under Ag(I) catalysis (Scheme 8.71). This reaction proceeds at the complete 
expense of the expected Wolff rearrangement (339). It appears that silver ion 
activates the triple bond as a dipolarophile. Whether this occurs by side-on (339) or 
end-on (340) coordination is not clear. Intramolecular cycloadditions of acetylenic 
diazo compounds are highly sensitive toward structural conditions. Thus, the a',a'- 
dimethyl substitution of a-diazoketones 293 is seemingly a prerequisite, but cannot 
be easily rationalized by a simple Thorpe-Ingold effect (339). 

Alkynyl(diisopropylsilyl)oxy-diazoacetates (295) undergo intramolecular 1,3- 
dipolar cycloaddition in good yield when R* = H (isolation of silver pyrazolide 296 
was possible) and R^,R^ = Me,Me or (CH 2 ) 5 , but no reaction occurred when 
r'^h, R^=H or R' = Me (340). The silicon substitution is apparently crucial. 
Replacement of the Si(i-Pr )2 in 295 (R^ = R^ = H) by Si(t-Bu )2 allowed an 
uncatalyzed intramolecular [3 + 2] cycloaddition to take place [xylene, 140- 
160 °C, 11% yield (340)], while Ag(I) catalysis led to decomposition. A diazoacetic 
acid (2-propyn-l-yl)oxysilyl ester also produced a bicyclic pyrazole, but in low 
yield. On the other hand, the same diazo compound 295, which reacted intra- 
molecularly under silver ion catalysis, underwent dimerization by an mtermolecular 
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1,3-dipolar cycloaddition reaction under thermal conditions (341) (Scheme 8.72). 
The resulting pyrazoles 297 can either give [3.3](l,4)pyrazolophanes 298 by 
intramolecular [3 + 2] cycloaddition followed by a silyl shift, or proceed to give 
higher cyclooligomers 299 by a sequence of a silyl shift, inter-, and then 
intramolecular cycloaddition. Cyclooligomers up to « = 5 were detected by FD 
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(301) (3**2) 

Scheme 8.73 



mass spectrometry, and those with n = 2-A were characterized by X-ray diffraction 
analysis. 

8.6.3. Intramolecular Cycloadditions Involving Other Multiple Bonds 

Diazoamides of type 300 rapidly cyclize to form aziridines 302 (342) 
(Scheme 8.73). It is conceivable that this reaction proceeds through a 1,2,3- 
triazoline intermediate 301, which is the consequence of a LUMO(dipole)— 
HOMO(dipolarophile) controlled intramolecular [3 + 2] cycloaddition. Some 
remarkable steric effects were encountered for this cyclization. While the piper- 
idine derivative [300, R*,R^ = (CH2)4] readily cyclized by diazo group transfer at 
0°C in 88% yield, the pyrrolidine analogue [300, R\R^ = (€112)3] had to be heated 
for 1-2 days in polar solvents. The corresponding acyclic diazoamide (300, R^ = 
R^ = H) possessed a half-life of >10 days at ambient temperature. The intramo- 
lecular aziridination reaction, however, could be readily achieved under catalysis 
using Rh2(OAc)4. 

The photolysis or thermolysis of certain l,3-bis(diazomethyl)trisilanes furnished 
products that are derived from bicyclic pyrazolines formed by intramolecular 1,3- 
dipolar cycloaddition at the Si=C bond of a diazosilene intermediate (343,344). 

8.7. “KETOCARBENE DIPOLES” AS BUILDING BLOCKS IN 
HETEROCYCLIC SYNTHESIS 



Photochemical or thermal extrusion of molecular nitrogen from a-diazocarbonyl 
compounds generates a-carbonylcarbenes. These transient species possess a reso- 
nance contribution from a 1,3-dipolar (303, Scheme 8.74) or 1,3-diradical form, 
depending on their spin state. The three-atom moiety has been trapped in a [3 -f 2] 
cycloaddition fashion, but this reaction is rare because of the predominance of a fast 
rearrangement of the ketocarbene into a ketene intermediate. There are a steadily 
increasing number of transition metal catalyzed reactions of diazocarbonyl 
compounds with carbon-carbon and carbon-heteroatom double bonds, that, instead 
of affording three-membered rings, furnish five-membered heterocycles which 
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a— b 

Scheme 8.74 



Structurally correspond to [3 + 2] cycloaddition products of ketocarbene dipoles 

303 . 

Certain acyclic diazoketones react with electron-rich alkenes (such as enol 
ethers) to form dihydrofurans. The catalyst of choice is Rh 2 (OAc )4 for these and 
related transformations, although copper catalysts have been used as well. A variety 
of a-diazoketones and a- diazoaldehydes can be used, including PhCOCHN 2 , 
N 2 CHCOCOOEt, MeCOC(N 2 )COMe, and MeCOC(N 2 )COOR (345,346). Wenkert 
(347) and Alonso (348) studied the scope of this dihydrofuran synthesis [Scheme 
8.75; e.g., 304 ^ 305 ; R = H (349), COOEt (350)]. 

More recently, Pirrung and co-workers established the facility with which the 
Rh 2 (OAc )4 catalyzed reaction of 2-diazocyclohexane-l,3-dione ( 306 ) and its 
substituted derivatives (Scheme 8.76) occurs with dihydrofuran and dihydropyran 
(351-353), vinyl acetates (354) (306 ^ 307 ), terminal alkynes (355) (306 ^ 308 ), 
methoxyallene (355), trimethylsilylketene (serving as a synthetic equivalent for 
ketene) (355), and heteroaromatic compounds (353). This reaction is quite useful 




(304) (305) 

R = H: Cu(acac) 2 , benzene, 80 °C; 62% 
R = C02Et: Rh2(OAc)4; 95% 
acac = acetylacetonate 
Scheme 8.75 
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40-79% 

(308) 



X = OEt, TMS, Ac, 
C 02 Me, 1-pyrrolyl 







(312) : X = NMe 71% (62:38) 

(313) : X = 0 41% (61:39) 

Scheme 8.76 

for the synthesis of annulated dihydrofurans and furans. Diketene can also be used 
as a substrate (356) (e.g, 309 ^ 311 ). In this case, a formal [3 + 2] cycloaddition 
followed by CO 2 extrusion was proposed to account for the formation of the 3- 
methylenedihydrofuran derivative 310 that subsequently tautomerizes to give furan 
311 . 2-Diazoindane-l,3-dione and diketene afforded a product analogous to 310 in 
28% yield (356). 3-Diazo-l-methylquinoline-2,4-dione (357) ( 312 ) and 3-diazo- 
chromene-2,4-dione (358) ( 313 ), due to their unsymmetrical substitution, led to 
mixtures of linearly and angularly fused products. 

When the chiral catalyst tetrakis(binaphtholphosphate)dirhodium was used, 
moderate enantiomeric excess (50%) was obtained in cycloaddition reactions 
with furans and dihydrofurans (359). This method has been applied to the synthesis 
of several natural products that contain fused furan rings, e.g., the human platelet 
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aggregation antagonist pseudosemiglabrin (360) ( 315 , Scheme 8.77) [in racemic 
form and, by the use of the chiral 3-hydroxy-2,3-dihydrofuran 314 , as the (+)- 
enantiomer), of the (±)-aflatoxin B 2 precursor 316 (361), and of furoquinoline 
alkaloids (357)]. 

The mechanistic pathways for the metal-catalyzed [3 + 2] cycloaddition of 
ketocarbenes described in this section is not yet completely understood. These 
reactions seem to depend on the diazo substrate and also on the nature of the 
diazocarbonyl group. Reaction with electron-rich alkenes have been explained by 
addition of the electrophilic metal-carbene intermediate (see Scheme 8.74) to 
generate a dipolar species that undergoes 1,5-cyclization either prior to or after 
elimination of the metal fragment (345,346,348). For cycloaddition reactions 
involving furans, thiophenes, and pyrroles as substrates, a cyclopropanation-ring 
opening-1, 5-cyclization cascade sequence has been proposed (353) (Scheme 8.78). 
This sequence occurs by the initial formation of the cyclopropane intermediate 317 , 
which forms 318 by ring-opening. Betaine 318 can undergo 1,5-cyclization or 
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generate a 2-hetaryl-cyclohexane-l,3-dione by a proton shift. Since ring-opening of 
317 can occur in two directions, the formation of regioisomeric products is 
possible. To account for the cycloaddition products obtained with alkynes, a 
pathway involving cyclopropenation, ring opening to form a vinylcarbene, and 
1,5-cyclization has been suggested (355) (Scheme 8.78). This mechanism nicely 
accounts for the formation of the same regioisomer from 306 and both electron-rich 
and electron-poor alkynes. 

The reaction of a-diazocarbonyl compounds with nitriles produces 1,3-oxazoles 
under thermal (362,363) and photochemical (363) conditions. Catalysis by Lewis 
acids (364,365), or copper salts (366), and rhodinm complexes (367) is usnally 
much more effective. This latter transformation can be regarded as a formal [3 + 2 ] 
cycloaddition of the ketocarbene dipole across the C=N bond. More than likely, the 
reaction occurs in a stepwise manner. A nitrilium ylide ( 319 ) (Scheme 8.79) that 
undergoes 1,5-cyclization to form the 1,3-oxazole ring has been proposed as the key 
intermediate. 




Scheme 8.79 
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TABLE 8.3. SYNTHESIS OE 1,3-OXAZOLES FROM oi-DIAZOCARBONYL 
COMPOUNDS AND NITRILES 
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“ l,3-Bis(2-methyl-I,3-oxazol-5-yl)benzene is formed. 
* Perfluorobutyrate=pf b. 

3-Diazocbromene-2,4-dione. 




Scheme 8.80 



Some examples that illustrate the scope of this transformation are given in Table 
8.3 [for further examples, see (368,369)]. Note that this reaction, in contrast to the 
synthesis of dihydrofurans and furans, is not limited to a-diazoketones as the a- 
carbonylcarbene moiety concealed in diazoesters also works. 

This oxazole synthesis has been used to prepare some important biologically 
active compounds such as 3-[2-R-l,3-oxazol-5-yl)indoles (370) (R = Me: pimpri- 
nine; R = Et: pimprinethine; R = Pr: WS-30581A] and l-Boc-2-chloro-3-(2- 
methyl-l,3-oxazol-5-yl)indole, a structural fragment of the cytotoxic marine pep- 
tide diazonamide A (371). 

The first example of the [3 + 2 ] cycloaddition of ketocarbenes with a phos- 
phorus-carbon triple bond has also been reported. Thus, the rhodium-catalyzed 
reaction of 2-diazocyclohexane-l,3-diones with tcrf-butylphosphaethyne gave 1,3- 
oxaphosphole 320 (377) (Scheme 8.80) in moderate yield. 



CONCLUSION 

More than a hundred years after their discovery, aliphatic diazo compounds 
continue to be widely used in dipolar cycloaddition chemistry. During the past two 
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decades, we have witnessed many applications of novel diazo compounds as 1,3- 
dipoles. Perhaps even more important is the cycloaddition with carbon-heteroatom 
and heteroatom-heteroatom multiple bonds, which gives rise to novel heterocyclic 
ring systems. These heterocycles can be synthetic targets per se (e.g. 4-phospha- 
pyrazolines or 1,2,4-diazaphospholes) but can also be used as intermediates for 
further synthetic transformations. A typical example involves the conversion of 2,5- 
dihydro-l,3,4-thiadiazoles, obtained from diazo compounds and thiones, into 
sterically hindered olefins or into thiocarbonyl ylides. The synthetic potential of 
intramolecular 1,3-dipolar cycloadditions of unsaturated diazo compounds, in 
particular of acetylenic ones, has not yet been fully appreciated. A large number 
of such diazo compounds have recently been used recently for metal-catalyzed 
intramolecular cyclopropanation (or cyclopropenation) or other carbenoid reac- 
tions. The ability of these diazo compounds to form bicyclic pyrazoles and 
pyrazolines has often gone unnoticed due to the need for thermal activation of 
this type of internal cycloaddition. Finally, much information is now available on 
the diastereofacial selectivity of the [3 + 2] cycloaddition of diazo compounds with 
alkenes bearing chiral centers. 

It should be noted, however, that the 1,3-dipolar cycloadditlon chemistry of 
diazo compounds has been used much less frequently for the synthesis of natural 
products than that of other 1,3-dipoles. On the other hand, several recent syntheses 
of complex molecules using diazo substrates have utilized asymmetric induction in 
the cycloaddition step coupled with some known diazo transformation, such as the 
photochemical ring contraction of A '-pyrazolines into cyclopropanes. This latter 
process often occurs with high retention of stereochemistry. Another useful 
transformation involves the conversion of A^-pyrazolines into 1,3-diamines by 
reductive ring-opening. These and other results show that the 1,3-dipolar cycload- 
dition chemistry of diazo compounds can be extremely useful for stereoselective 
target-oriented syntheses and presumably we will see more applications of this type 
in the near future. 
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Organic azides belong to the propargyl-allenyl category of dipoles, and 
are popular for synthetic transformations because of their ready availability 
(Scheme 9.1) (1). 

Since the discovery of triazole formation from phenyl azide and dimethyl 
acetylenedicarboxylate in 1893, synthetic applications of azides as 1,3-dipoles 
for the construction of heterocyclic frameworks and core structures of natural 
products have progressed steadily. As the 1,3-dipolar cycloaddition of azides was 
comprehensively reviewed in the 1984 edition of this hook (2), in this chapter we 
recount developments of 1,3-dipolar cycloaddition reactions of azides from 1984 to 
2000, with an emphasis on the synthesis of not only heterocycles hut also complex 
natural products, intermediates, and analogues. 
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9.1. SYNTHESIS OF HETEROCYCLES VIA 1,3-DIPOLAR 
CYCLOADDITIONS OF AZIDES 

9.1.1. Reaction with Alkenes 

In 1984, a facile synthesis of pyrrolo [3 ,4-&] indole (5) as a stable indole- 
2, 3-quinodimethane analogue using an intramolecular azide-alkene cycloaddition- 
cycloreversion strategy was reported (Scheme 9.2) (3). Treatment of bromo 
compound 3 with NaN 3 in aqueous tetrahydrofuran (THF) produced the triazoline 
4 via an intramolecular 1,3-dlpolar cycloaddition of an intermediate azide. Treat- 
ment of the triazoline 4 with p-toluenesulfonic acid (p-TSA) effected 1,3-dipolar 
cycloreversion of 4 to give pyrroloindole 5 in 82% yield along with diethyl 
diazomalonate. 

This method was extended to the synthesis of not only pyrrolo[3,4-c]pyridine 
(8a) and pyrrolo[3,4-Z?]pyridine (8h) (4a), but also the salt of several labile 
heteroaromatic pyrroles 9-11 (4b) (Scheme 9.3). 

This method was also applied to preparation of thieno[3,4-c]pyrroles, including 
the first preparation of the parent compound (Scheme 9.4) (5a,b). When treated with 
NaN 3 , the bromo compounds (12) underwent 1,3-dipolar cycloaddition to yield the 
triazolines 13. 1,3-Dipolar cycloreversion gave the salts of the thieno[3,4-c]pyrroles 




Scheme 9.2 
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(9) 



Ts = tosyl 





(8a) X=N, Y = CH 
(8b) X = CH, Y = N 




Scheme 9.3 



14. Neutralization with sodium carbonate in an nuclear magnetic resonance (NMR) 
tube allowed detection of the highly labile parent compound 15 (R' = R^ = H). 

Synthesis of the parent system of benz[<fe]isoquinolinium-l-ide (21) was 
achieved from the corresponding bromo compound 17 via the triazoline inter- 
mediate 18 using the same strategy (Scheme 9.5) (5c). 

Goldsmith and Soria (6b) reported a novel approach to a synthesis of the 
cyclopentanoid ring system 25 based on the 1,3-dipolar cycloaddition of 
p-bromobenzenesulfonyl azides with the electron-rich 1 ,4-cyclohexadienol ether 
22 and subsequent ring contraction at moderate temperature (Scheme 9.6) (6a). 




(12) r1 = r2 = H, Me, Ph 

R‘ r1 





(14) 



(15) 



(16) 



Scheme 9.4 
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Scheme 9.5 



1,3-Dipolar cycloaddition occurred preferentially at the electron-rich double bond 
of 22 to give the unstable triazoline 23 , which on thermolysis led to extrusion of 
nitrogen and rearrangement to give the cyclopentenoid compound 25 . The 1,3- 
dipolar cycloaddition-rearrangement sequence was subsequently extended to 
ultrasonic conditions. 

A synthesis of the 11-aryl-l l-aza[5.3.1]propellan-2-one 29 was accomplished by 
the intermolecular cycloaddition of the cycloheptenone 26 with an aryl azide. The 




Scheme 9.6 
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Scheme 9.7 



aziridine 29 was obtained through the intermediacy of a triazoline, either 27 or 28 
(Scheme 9.7) (7). 

Hassner et al. ( 8 ) reported a novel synthesis of 2,5-dihydroxyoxazoles ( 32 ) using 
an intramolecular azide-alkene cycloaddition. The ratio of reagents (aldehyde/allyl 
alcohol/hydrazoic acid, 1:3:9) was critical for the preparation of azide 30 
(Scheme 9.8). 

Junjappa and co-workers (9) reported the cycloaddition of sodium azide to the 
polarized ketene-(S,S)-acetal 33 to give the triazole 35 ; they also reported an 
intermolecular cycloaddition of tosyl azide 37 with the enamine 36 to give an unstable 
triazoline intermediate 38 . Ring opening 38 followed by a Dimroth rearrangement 
afforded the triazole 41 (Scheme 9.9). 



RCHO + + HN 3 

R"^N3 

R = Et, ;-Pr, PhCHz, PhCH 2 CH 2 , Ph 2 CH (30) 



PhH 

A, 6-20 h 





Me 



(31) 



(32) 



Scheme 9.8 
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Ar 




(39) (40) (41) 



Scheme 9.9 

Keshava et al. (10) reported a facile synthesis of the fused tricyclic P-lactams 44 
and 45 via an intramolecular 1,3-dipolar cycloaddition of an azide with an alkene 
(Scheme 9.10). 1,3-Dipolar cycloaddition of the azides 43 in benzene at reflux gave 
a mixture of cis and trans tricyclic P-lactams 44 and 45 . As the ring size increased 




(42) (43) (44) (45) 



rt = 1 only cis 
n = 2 cis/trans (9:1) 
n = 3 cis/trans (6:4) 

Scheme 9.10 
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(n = 1-3), the rate and stereoselectivity of the intramolecular cycloaddition 
decreased. 

Gallagher and co-workers (11) reported the cycloadditions of electron-deficient 
azides with the ketene-(5,5)-acetals ( 46 ) (Scheme 9.11). Reaction of p-toluenesul- 
fonyl azide with 46 gave the unstable cycloadducts 47 , which underwent rearrange- 
ment to afford compounds 48 in 24-89% yield. In the case of ethyl azidoformate. 




Scheme 9.11 







( 53 ) 





Scheme 9.12 
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the corresponding cycloadducts 47 led to the formation of the amino ketene- 
(5,5)-acetals ( 49 ) in 5-33% yield. 

Ogawa et al. (12) used an intramolecular azide-alkene cycloaddition strategy to 
synthesize the oxygen-bridged aza[15]annulene 52 and the aza[15]annulene dicar- 
boxylate 55 (Scheme 9.12). 1,3-Dipolar cycloaddition of vinyl azide to the acrylate 
moiety followed by extrusion of nitrogen gave the aziridine 51 . Rearrangement of 
51 afforded the aza[15]annulene 52 . The same approach was used to synthesize the 
aza[15]annulene 55 . 

An unexpected rearrangement involving an intramolecular azide-alkene cyclo- 
addition in the morphinane series was reported by d’ Angelo and co-workers (13) 
(Scheme 9.13). Treatment of the mesylate ( 56 ) with sodium azide in dimethylfor- 
mamide (DMF) at 60 °C generated compound 59 . Intramolecular cycloaddition of 
the corresponding azide, formed from 56 , gave the intermediate triazoline 57 , 
which on rearrangement and extrusion of nitrogen afforded compound 59 . 

Kadaba (14) reported the first example of an intermolecular cycloaddition of 
sodium azide with a vinyl azide ( 60 ) to give the tetrazole 62 in 25% yield 
(Scheme 9.14). 

Hassner et al. (15) explored the synthetic utility of the polymeric azidation 
reagent 63 to prepare di- and tri-azidomethanes 64 and 66 at ambient temperature. 
They also studied the intermolecular cycloaddition of these azides with di- 
methyl acetylenedicarboxylate (DMAD) to yield the corresponding cycloadducts 





Bn = benzyl 



Scheme 9.13 
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Scheme 9.14 



Ph ^ 

-CH 3 N 2 



25% 



Y' 



N- 



N 
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(62) 



65 and 68 , respectively (Scheme 9.15). In the case of triazidomethane 66 , the initial 
cycloadduct 67 underwent rearrangement to give compound 68 . X-ray crystal- 
lographic analyses confirmed the structures of bis(triazoles) 65 and the rearranged 
tristriazoles 68 . 

Weinreb and co-workers (16) reported a high-pressure-induced 1,3-dipolar 
cycloaddition of alkyl and phenyl azides with electron-deficient alkenes at ambient 
temperature. As a representative example, phenyl azide underwent cycloaddition 
with methyl crotonate ( 69 ) at 12 kbar to give the triazoline 70 (43%) and the 
p-amino diazoester 71 (53%). The high-pressure conditions resulted in high yield 
and a shorter reaction time (Scheme 9.16). 

Benati et al. (17) reported intermolecular cycloadditions of aryl azides with 1,4- 
naphthoquinone ( 72 ) at ambient temperature. The triazoline intermediate 73 was 
unstable even at room temperature, leading to the formation of a mixture of 
products 74-77 (Scheme 9.17). 




+ CH 2 CI 2 



(63) 



N. 



CH2(N3)2 



DMAD N 



N 



N 



-N 



E E 



(64) 



(65) E = C02Me 





Scheme 9.15 
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(75) (76) (77) 

Scheme 9.17 



Kadaba (18) reported that the intermolecular 1,3-dipolar cycloaddition of the 
aryl azides 79 with the enamides 78 in refluxing ethanol gave the triazoles 80 
(Scheme 9.18). 

Soufiaoui and co-workers (19) reported an intermolecular 1,3-dipolar cycloaddi- 
tion of tosyl azide with the 1,2-dihydroisoquinoline 81 to give the triazoline 82 , 
which, on extrusion of nitrogen followed hy aromatization via elimination of H 2 or 




Scheme 9.18 
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(85) (86a) n = 1 

(86b) n = 2 



(87a ) n = 1 
(87b) n = 2 



(88a) n = 1 
(88b) « = 2 




(85) (89a) n = 1 

(89b) n = 2 



(90a) n = 1 
(90b) n = 2 




(88a) n =1 (3%) 
(88b)« = 2(31%) 



(91a) n = 1 (81%) 
(91b)n = 2(51%) 



(92a) n = 1 (16%) 
(92b)n = 2(18%) 




Scheme 9.20 
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HCN, produced a mixture of the o-quinodimethane analogues 83 and 84 
(Scheme 9.19). 

Shea and Kim (20) investigated in detail the intermolecular 1,3-dipolar 
cycloaddition of picryl azide (85) with a series of mono- and bicyclic alkenes 
including trans-cycloalkenes and bridgehead alkenes (Scheme 9.20). In the cases of 
di-cyclooctene (86a) and cis-cyclononene (86b), decomposition of the initially 
formed cycloadducts 87a and 87b followed by 1,2-hydride shift gave cycloocty- 
lidene-2,4,6-trinitroaniline (88a) and cyclononylidene-2,4,6-trinitroaniline (88b), 
respectively. When the cycloadditions were performed with tran^-cylooctene (89a) 
and tran^-cyclononene (89b), the corresponding cycloadducts 90a and 90b under- 
went both 1,2-hydride migration and 1,2-alkyl migration to give the ketimines 88 
and aldimines 91, respectively; aziridines 92 were also isolated in small propor- 
tions. 1,3-Dipolar cycloaddition of picryl azide to norbornene (93) followed by 
extrusion of nitrogen gave the exo aziridine 95 in good yield. Based on their results, 
they confirmed that strain involved in these alkenes affects both the reactivity and 
regiochemistry of the cycloaddition reactions. 

Conformational constraints induced by various ortho-substitutents in 1-allyloxy- 
2-azidomethylbenzenes (97) were used to accelerate intramolecular cycloadditions 
of the azide group to alkenes (21) (Scheme 9.21). For the unsubstituted azide 96, 
high temperature was required for the cycloaddition and the yield of the cyclo- 
adduct 100 was low. The monosubstituted azide 97 underwent cycloaddition in 
refluxing benzene in 10 h to give the cycloadduct 101 in good yield. Disubstituted 
azides 98 and 99 underwent 1,3-dipolar cycloaddition in 5-7 h to give the 
triazolines 102 and 103. 

De Kimpe and Boeykens (22) reported synthesis of the P-lactam derivatives 107 
via cycloaddition of azides with 2-methyleneazetidines (104) (Scheme 9.22). 
Because of electronic control, the intermolecular cycloaddition of the azide with 
the enamine double bond resulted in the formation of the triazoline intermediate 
105, ring opening and rearrangement of which gave the imino lactam 107. 
Although all attempts to convert compound 107 to the corresponding p-lactam 
108 under acidic conditions were unsuccessful, under basic conditions compound 
107 was converted into the P-amino amides 109. 




(96) r1 = r2 = H 

(97) R' = Me, r2 = H 

(98) R' = r 2 = f-Bu 

(99) R* = r 2 = Br 



(100) r' = r 2 = H (7days, 50%) 

(101) R' = Me, R^ = H (to h, 100%) 

(102) R' = r 2 = <-Bu (5-7 h, 100%) 

(103) R* = R^ = Br (5-7 h, 100%) 



Scheme 9.21 
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Scheme 9.22 




( 110 ) ( 111 ) 

X = OMe, Me, Cl, CFj, NO 2 
R = 2-pyridyl, 4-pyridyl 




(112) (113) 



Scheme 9.23 
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Lin and Kadaba (23) reported the intermolecular 1,3-dipolar cycloadditions of 
aryl azides (110) with vinyl pyridines (111) to give a mixture of pyridyltriazolines 
( 112 ) and aziridines ( 113 ) (Scheme 9.23). 

The stereoselective intermolecular cycloaddition of azides to chiral cyclopenta- 
none enamines was reported, but both product yields and enantiomeric excesses (ee) 
were low (24) (Scheme 9.24). Ethyl azidoformate ( 115 ) and A^-mesyl azido- 
formamimidate ( 116 ) underwent 1,3-dipolar cycloaddition with the monosubsti- 
tuted chiral enamine 114 to give products 117 and 118 in low yields with ee of 24 
and 18%, respectively. Intermolecular cycloaddition of the A^-mesyl azidoforma- 
mimidate 116 with the disubstituted C 2 -symmetric chiral enamine 119 proceeded 
with good diastereoselectivity to give compound 120 in 18% yield. On cleavage of 
the enamine unit, compound 120 afforded 118 with low ee. 

Warrener and co-workers (25) exploited a 1,3-dipolar cycloaddition reaction to 
synthesize a 7-azanorbornane 124 (Scheme 9.25). The cyclobutene- 1,2-diester 121 
underwent smooth cycloaddition with benzyl azide to give the triazoline 122, which 




(114) 




O 








N 3 C(OEt)NMs 
(116), rt 








o 




NHC(OEt)=NMs 



(119) 



(120) (18%, >95% de) 



de = diastereometric excess 
Ms = mesyl 



o 



NHC(OEt)=NMs 



(118) (20% ee) 



Scheme 9.24 
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Ac = acetyl 



Scheme 9.25 



upon extrusion of nitrogen under photochemical conditions gave the aziridine 123. 
The latter rearranged thermally into an azomethine ylide, which underwent 
cycloaddition with DM AD to give the 7-azanorbornane 124. 



9.1.2. Reaction with the Double Bond of Dienes 
and Conjugated Systems 

Vogel and Delavier (26) reported a synthesis of the 6-azabicyclo[3.2.2]nonane 
skeleton 130 using an intramolecular azide-alkene cycloaddition strategy 
(Scheme 9.26). When refluxed in xylene, the azide 126 underwent an intramole- 
cular 1,3-dipolar cycloaddition with the internal alkene. Nitrogen extrusion and 
subsequent rearrangement led to a mixture of compounds 128, 129, and 130. 
Reactions of azides with the double bond of dienes were also used in various total 
syntheses of alkaloids, and will be discussed later in Section 9.2.2. 

Wedegaertner and Kattak (27) reported the intermolecular cycloaddition of aryl 
azides with allenes (Scheme 9.27). Cycloaddition of an aryl azide with the 
1,2-propanediene 131 produced a mixture of the isomeric triazolines 132 and 
133, whereas when the cycloaddition was conducted with cyclonona- 1,2-diene 134, 
the triazoline 135 was the sole product. X-ray crystallographic analysis confirmed 
the structure of 135. 

Clerici and co-workers (28) reported an intermolecular cycloaddition of azides 
with the isothiazole dioxides 136 to give the triazolines 137; further heating of 
cycloadduct 137, just above its melting point, resulted in the extrusion of nitrogen 
to give the aziridine 138 (Scheme 9.28). 
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Scheme 9.27 
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9.1.3. Reaction with Alkynes and Nitriles 

Pearson et al. (29) described a synthesis of mono- and disubstituted 5,6-dihydro- 
4//-pyrrolo[l,2-c]- 1,2, 3-triazole analogues of antitumor dehydropyrrolizidine alka- 
loids using an intramolecular azide-alkyne cycloaddition (Scheme 9.29). On 
treatment with sodium azide in dimethyl sulfoxide (DMSO), the chloro alcohol 
139 produced the azide 140, which on heating in refluxing toluene gave the 
triazoline 141. On treatment with acetic anhydride in pyridine, triazoline (141) 
furnished the target compound 142 in 96% yield. By a similar procedure, the 
triazole analogue 144 was prepared in 69% yield from the corresponding azide 
143. 




HO 




OTBS 




OAc 



Scheme 9.29 
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(149) X = 0 (31-82%) 

(150) X = NPh (69-96%) 





Scheme 9.30 



Garanti et al. (30a) reported a synthesis of the l,2,3-triazolo[l,5-a][4.1]henzox- 
azepine 149 via an intramolecular cycloaddition of an aryl azide with an acetylene 
(Scheme 9.30). By using a similar strategy, the l,2,3-triazolo[l,5-a][l,4-h]henzo- 
diazepine 150 , an analogue of Flumazenil, was also reported (30h,c). As an 
extension of this method, the l,2,3-triazolo[l,5-a][l,4]benzodiazepine-6-one 153 
was synthesized using an intramolecular 1,3-dipolar cycloaddition of an azide with 
a cyano group (30d). 
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Scheme 9.31 



Palacios et al. (31) reported the synthesis of the isomeric 4,5-disubstituted 
l-(diethoxyphosphorylmethyl)- 1,2, 3-triazoles 156 and 157 via thermal intermole- 
cular 1,3-dipolar cycloadditions of the azidoalkylphosphonates 154 with the 
disubstituted acetylenes 155 (Scheme 9.31). 

A general synthesis of functionalized 1,2,3-triazolyl acylsilanes ( 160 ) was based 
on the intermolecular cycloaddition of azides 159 with the alkynyl acylsilane 158 
(Scheme 9.32) (32). The resulting triazolyl acylsilanes ( 160 ) were smoothly 
converted into their corresponding aldehydes 161 upon treatment with sodium 
hydroxide in ethanol. 

Brillante and co-workers (33) conducted an intermolecular 1,3-dipolar cycload- 
dition of the aryl azide 162 with (trimethylsilyl)acetylene under high-pressure 
conditions (Scheme 9.33). The rate of cycloaddition increased logarithmically with 
pressure, and the yield of cycloadduct 163 was almost quantitative. 
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(162) 



Scheme 9.33 
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Scheme 9.34 

Freeze and Norris (34) reported the 1,3-dipolar cycloaddition of 5-azido- 
5-deoxy-l,2-0-isopropylidene-D-xylofuranose ( 164 ) with acetylenic dipolarophiles 
to give the triazoles 165 (Scheme 9.34). This process was subsequently extended 
using the soluble polymer- supported azide ( 166 ) to produce the corresponding 
triazoles 167 in 50-95% yield. Dipolarophiles present in large excess facilitated the 
cycloaddition of the polymer-supported azide 166 . Purification of the triazole 167 
was achieved by filtration. 

An efficient synthesis of the l-allyl-6-(l ',2',3'-triazolyl) analogue 170 of 
1- [2-hydroxy ethoxy )methyl] -6- (phenylthio)thymine (HEPT), an anti-human immu- 
nodeficiency virus (HIV) reverse transcriptase inhibitor, was reported using an 
intermolecular 1,3-dipolar cycloaddition of the azide 169 with acetylenes (35) 
(Scheme 9.35). Azidouracil ( 169 ), when refluxed with an acetylene in equimolar 
proportions in toluene, gave the corresponding triazoles ( 170 ) in excellent yield. 

The synthesis of the 2-triazolylpyrimido[l,2,3-cc/]purine-8,10-diones 172 and 
173 was achieved using the 1,3-dipolar cycloaddition of azides with the terminal 
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90% 







triple bond of 5,6-dihydro-2-ethynyl-9-methyl-4//,8//-pyrimido[l,2,3-ct/]purine- 
8,10(9/f)dione ( 171 ) (36) (Scheme 9.36). 

The preparation of compound 175 , a structurally diverse analogue of the 
carhocyclic nucleoside rihavarine 176 , was reported using an intermolecular 
1,3-dipolar cycloaddition of the cyclopentyl azide 174 with methyl propiolate 
(37) (Scheme 9.37). 
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(172) (173) 

TMS = trimethylsilyl 

Scheme 9.36 
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Scheme 9.38 



The microwave-assisted preparation of aryl tetrazoles 179 was reported using the 
intermolecular 1,3-dipolar cycloaddition of aryl nitriles 178 with sodium azide (38) 
(Scheme 9.38). 

The synthesis of the heterocyclic dendrimer 181 was based on the intermolecular 
1,3-dipolar cycloaddition of the azide 180 with acetylenedicarboxylic acid and its 
esters (39) (Scheme 9.39). 

9.1.4. Reaction with Allylic Carbocations 



Pearson et al. (40) observed an unprecedented low-temperature [3-1-2] or [3-1-3] 
cycloaddition of azides with allylic carbocations, yielding triazolines or dihydro- 
triazolines (Scheme 9.40). When the hydroxy azide 182 was treated with SnCU at 
— 78°C, a diastereomeric mixture of crystalline triazolines 183 was obtained. A 
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CO,R 




(181) R = H, Me, t-Bu 

Scheme 9.39 



mechanism involving the initial formation of an allylic carbocation intermediate 
184 was proposed. The intermediate 184 might undergo a low-temperature 
1,3-dipolar cycloaddition of the azide with the allylic cation segment of the 
indole in either a concerted or stepwise manner via the aminodiazonium ion 185 
to give the cationic intermediate 186, which on abstraction of a chloride ion may 
afford compound 183. A closely related azide 187 underwent smooth [3 + 2] 
cycloaddition to yield the triazoline 188. The cyclization of indoles 189 and 190, 
lacking an electron- withdrawing sulfonyl group at the indole NH, underwent [3 + 3] 
cycloaddition to give the dihydrotriazolines 191 and 192 in 44 and 85% yields, 
respectively. 



9.1.5. Reaction with Phosphorus Ylides 



The synthesis of the l-(D-apio-D-furanosyl)- 1,2,3-triazoles 196, structurally 
related analogues of the antibiotic ribavarin A 176, was achieved through an 
intermolecular 1,3-dipolar cycloaddition of the azide 193 with the 2-oxoalkylide- 
netriphenylphosphorane (41) (Scheme 9.41). 
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(i) 1.5 equiv S 11 CI 4 , CH 2 CI 2 
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(ii) aq NaOH 
75-95% 

(182) (183) 





(189) X = Cl, R = Me (191) R = Me (44%) 

(190) X = H, R = CH 20 Me (192) R = CH 20 Me (85%) 



Scheme 9.40 



9.1.6. Reaction with Fullerenes 

Kobayashi and co-workers (42) reported a general synthetic pathway for the 
incorporation of oligosaccharides into [60]fullerene via cycloadditions between 
glycosyl azides and the fullerene (Scheme 9.42). The cycloaddition of 2,3,4,6-tetra- 
(9-acetyl-D-glucopyranosyl azide 197 with [60]fullerene in refluxing chlorobenzene 
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Scheme 9.41 
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Scheme 9.43 



followed by extrusion of nitrogen gave the azafulleroid 198 in 28% yield. Extension 
of this cycloaddition reaction to di- and trisaccharide azides confirmed the 
generality of the reaction for the production of the corresponding fullerene 
conjugates in 27-50% yields. 

Bellavia-Lund and Wudl (43) investigated the 1,3-dipolar cycloaddition of 
2-(methoxyethoxy)methyl azide with [70]fullerene ( 199 ) (Scheme 9.43). Three 
isomeric triazolines 200-202 were obtained. Thermolysis of these triazolines gave 
the corresponding azafulleroids and fulleroaziridines, as a mixture, respectively. 

The synthesis of the triazolino[4',5':l,2][60]fullerene 204 , a novel donor- 
acceptor dyad exhibiting efficient electron-transfer dynamics, was reported by 
Guldi et al. (44) (Scheme 9.44). The azido tetrathiafulvalene 203 , on heating 
with [60]fullerene in o-dichlorobenzene at 60 °C, gave the triazoline 204 in 24% 
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yield, or 54% yield based on consumed [60]fullerene. The temperature of the 
cycloaddition must not be >60 °C to avoid formation of the corresponding 
azafulleroids and fulleroaziridines. The electrochemical and photophysical proper- 
ties of 204 were also reported. 



9.2. SYNTHESIS OF NATURAL PRODUCTS, INTERMEDIATES, 
AND THEIR ANALOGUES VIA 1,3-DIPOLAR 
CYCLOADDITION OF AZIDES 



9.2.1. Reaction with Alkenes 



Sha et al. (45) reported an intramolecular cycloaddition of an alkyl azide with an 
enone in an approach to a cephalotaxine analogue (Scheme 9.45). Treatment of the 
bromide 205 with NaN 3 in refluxing methanol enabled the isolation of com- 
pounds 213 and 214 in 24 and 63% yields, respectively. The azide intermediate 
206 underwent 1,3-dipolar cycloaddition to produce the unstable triazoline 207. On 
thermolysis of 207 coupled with rearrangement and extrusion of nitrogen, com- 
pounds 213 and 214 were formed. The lactam 214 was subsequently converted to 
the fcrt-butoxycarbonyl (t-Boc)-protected spirocyclic amine 215. The exocyclic 
double bond in compound 215 was cleaved by ozonolysis to give the spirocyclic 
ketone 216, which was used for the synthesis of the cephalotaxine analogue 217. 

When the enone 218, possessing a methyl group at the C(2) position, was treated 
with NaN 3 in DMF, aziridine 219 was isolated as the only product (46) 
(Scheme 9.46). This reaction was adopted for the total synthesis of (±)-desamyl- 
perhydrohistrionicotoxin (224) from the azido enone 220. 
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(222) 







Scheme 9.46 



Kozikowski and Greco (47) reported a direct approach to a total synthesis of 
(±)-clavicipitic acid (229) involving an intramolecular azide 1,3-dipolar cycloaddi- 
tion (Scheme 9.47). Treatment of the malonate ester 225 with NaH and TSN 3 gave 
the required azide 226. On heating at 190-195 °C in o-dichlorobenzene for 8 h, the 
azide 226 gave the imine 228 via an unstable triazoline intermediate 227. The fact 
that the intramolecular cycloaddition of azide 226 proceeded readily in a polar 
solvent, o-dichlorobenzene, but poorly in toluene, provided indirect evidence for 
the formation of a polar intermediate during the course of the formation of the 
seven-membered ring. The imine 228 was transformed smoothly to the target 
molecule 229 in three steps. 

Buchanan et al. (48) reported a new route to the synthesis of the chiral hydroxy- 
pyrrolidines 234 and 238 from o-erythrose (230) via an intramolecular cycloaddi- 
tion of an azide with an alkene (Scheme 9.48). Wittig reaction of the acetonide 230 
with (carbethoxyethylene)triphenylphosphorane gave the (E) and (Z) alkenes 231 
and 232. On conversion into the triflate followed by its reaction with KN 3 , the 
(E) isomer 231 allowed the isolation of the triazoline 234 in 68 % overall yield, 
which on treatment with sodium ethoxide afforded the diazo ester 235 in 86 % yield. 
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Catalytic reduction of 235 produced the chiral hydroxypyrrolidine 236 in 89% 
yield. When the (Z) alkene 232 was subjected to a similar sequence, the diazo ester 
237 was obtained directly in 65% yield. Catalytic hydrogenation of the diazo ester 
237 afforded the corresponding chiral hydroxypyrrolidine 238 in 91% yield. 

Fukuyama and Yang (49) developed a highly efficient synthesis of the tetracyclic 
intermediate 241, used in a total synthesis of mitomycin A (Scheme 9.49). The 
required azide 240 was produced from 239 in several steps. Upon heating in 
refluxing toluene, the azide 240 underwent smooth intramolecular cycloaddition 
with the unsaturated lactone followed by extrusion of nitrogen to give aziridine 241 
in 85% yield. 

Cha and co-workers (50) reported a short enantioselective synthesis of the indo- 
lizidine alkaloid, (— )-swainsonine (247) involving an intramolecular cycloaddition 
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of an azide to an alkene (Scheme 9.50). Wittig reaction of 2,3-0-isopropylidene-D- 
erythrose ( 242 ) followed by tosylation afforded compound 243 . Treatment of the 
tosylate 243 with NaN 3 generated the imino ester 245 in 81% yield via the 
triazoline intermediate 244 . Isomerization of the imino ester 245 to an enamine 
followed by thermal cyclization in refluxing toluene gave the lactam 246 . 
Hydroboration of 246 followed by oxidation and subsequent cleavage of the 
acetonide unit afforded (— )-swainsonine ( 247 ) in good yield. 
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R 

(i) 145 °C, benzene 

(ii) Hj, Pt02 



(248a) R = H 
(248b) R = Me 



(249a) R = H (66%) 
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Scheme 9.51 



Pearson and co-workers (51) reported a simple synthesis of the indolizidines 250 
and 251 based on the intramolecular cycloaddition of azides with the exocyclic 
double bond of cyclopropanes (Scheme 9.51). The intramolecular cycloaddition of 
azides 248a and 248b at 120°C in DMF afforded the corresponding cyclopropyl 
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imines 249a,b in 66 and 60% yields, respectively. On thermal rearrangement 
followed by catalytic hydrogenation, compounds 249a,b afforded not only the 
respective indolizidines 250a,b but also 251b. 

Pearson and Lin (52) developed an elegant approach to the synthesis of optically 
active (— )-swainsonine (247) from isopropylidene-o-erythrose (242) (Scheme 9.52). 
Wittig reaction of the acetonide 242 led to the (Z) alkene 252 in 86% yield. The 
chloro alcohol 252 was converted to the azide 253 in 76% yield, which subse- 
quently underwent 1,3-dipolar cycloaddition, isomerization and hydroboration- 
oxidation to give the indolizidine 255 in 70% overall yield. Cleavage of the 
acetonide unit in 255 using 6 N HCl gave the target molecule 247 in 85% yield. 




LDA = lithium diisopropylamide 

DMAP = 4-N,N-dimethylaminopyridine (263) (+) crotanecme 

PPTS = pyridinium p-toluenesulfonate 



Scheme 9.53 
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Starting also with compound 242 , Bennett III and Cha (53) synthesized (+)- 
crotanecine ( 263 ) employing a 1,3-dipolar cycloaddition strategy (Scheme 9.53). 
Wittig reaction of the acetonide 242 with a THP-protected phosphonium salt 
followed by tosylation produced the tosylate 256 . Displacement of the tosyl group 
with NaN 3 in DMF followed by smooth 1,3-dipolar cycloaddition and nitrogen 
extrusion gave the imine 259 in 65% overall yield from acetonide 242 . Carbo- 
methoxylation of the imine 259 followed by acid-catalyzed isomerization generated 
enamine 260 , which on treatment with mesyl chloride and Et 3 N followed by 
aqueous HCl gave the chloro enamine 262 via the intermediate 261 . The chloro 
enamine 262 was then smoothly transformed into (-l-)-crotanecine ( 263 ) by 
conventional methods. 

Cha and co-workers (54) described an enantioselective total synthesis of 
(— )-slaframine ( 269 ) based on an intramolecular cycloaddition of an azide 
(Scheme 9.54). On reaction with NaN 3 in DMF at 60 °C followed by intramolecular 
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(268) (269) (-)-slaframine 



PMP = p-methoxyphenyl 
PMB = p-methoxybenzyl 
TIPS = Si(iPr)3 



Scheme 9.54 
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1,3-dipolar cycloaddition in toluene at reflux, tosylate 265 produced the imine 267 
in 93% yield. Mesylation followed by reduction of the iminium ion gave compound 
268 in 63% yield. Conventional reaction conditions to remove the protecting groups 
afforded (— )-slaframine ( 269 ) in 43% overall yield from the aldehyde 264 . 

Garner et al. (55) developed an asymmetric approach to the 3,8-diazabicyl- 
co[3.2.1]octane moiety of the antitumor antibiotic quinocarcin ( 275 ) via an 
intermolecular 1,3-dipolar cycloaddition (Scheme 9.55). 1,3-Dipolar cycloaddition 
of methyl azide with the chiral dipolarophile 270 gave the corresponding triazoline 
271 in 73-88% yields. Nitrogen was extruded from the triazoline 271 under 
photochemical conditions to give the aziridines 272 in 78-92% yields. Transforma- 
tion of aziridines 272 into the chiral azomethine ylide 273 , followed by its 
cycloaddition with alkenes, gave 274 . Compound 274 was then converted into 
quinocarcin ( 275 ) via a Pictet-Spengler cyclization. 

Pearson and Schkeryantz (56) developed a novel approach for synthesis of 
(±)-lycorane ( 280 ) using an intramolecular cycloaddition of an azide with an 
co-chloro alkene (Scheme 9.56). The bromide 276 was smoothly converted into the 
required chloro azide 277 in several steps. 1,3-Dipolar cycloaddition of the azide 
277 in benzene at 140 °C followed by extrusion of nitrogen gave the unstable 




(270) (271) 

R' = H, C02Me, CH 2 OH, CH 2 OAC 




(275) quinocarcin 



(274) 



Scheme 9.55 
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iminium salt 279. Compound 279 was reduced with sodium borohydride to afford 
(±)-y-lycorane (280) in 63% yield from the azide 277. An alternative strategy for 
(±)-y-lycorane was developed via the intramolecular cycloaddition of the azide 
281. 1,3-Dipolar cycloaddition of 281 followed by nitrogen extrusion gave the 
imine 282. Reduction of 282 with sodium cyanoborohydride followed by Bischler- 
Napieralski cyclization gave 283, which was converted into (±)-y-lycorane (280) in 
several steps. 

Pearson and Walavalkar (57) reported a facile approach to the synthesis of 
(±)-tyloporine (288) based on an intramolecular cycloaddition of an azide with an 
co-chloroalkene (Scheme 9.57). The required (Z) alkene 285 was prepared from 
homoveratric acid (284). Treatment of the chloro alkene 285 with sodium azide 
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(287) (288) (±)-tyloporine 

Scheme 9.57 



gave the azide 286 in 88% yield. Deprotection followed by mesylation and 
displacement by chloride afforded chloro azide 287 in 78 % overall yield. Heating 
of 287 at 130 °C in deuterated benzene followed by reduction with sodium boro- 
hydride gave the target molecule 288 in 82 % yield. 

Two enantioselective syntheses of (-l-)-biotin (293) from L-cysteine were 
reported based upon the intramolecular 1,3-dipolar cycloadditions of carbamoyl 
azides 289 and 291 by Deroose and De Clercq ( 58 ) (Scheme 9 . 58 ). Thermolysis of 
the carbamoyl azides 289 and 291 gave the triazolines 290 and 292, respectively. 
Both 290 and 292 were converted into (-l-)-biotin (293) in several steps. 

Schkeryantz and Pearson ( 59 ) reported a total synthesis of (±)-crinane (298) 
using an intramolecular azide-alkene cycloaddition (Scheme 9 . 59 ). The allylic 
acetate 294 was first subjected to an Ireland-Claisen rearrangement followed by 
reduction to give alcohol 295, which was then converted into the azide 296 using 
Mitsunobu conditions. Intramolecular cycloaddition of the azide 296 in reflux- 
ing toluene followed by extrusion of nitrogen gave the imine 297 in quantitative 
yield. On reduction with sodium cyanoborohydride and subsequent reaction with 
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Eschenmoser’s salt at 50 °C in THE, the imine 297 gave the target molecule 298 in 
77% overall yield. 

Molander and Hiersemann (60) reported the preparation of the spirocyclic keto 
aziridine intermediate 302 in an approach to the total synthesis of (zh)-cephalotax- 
ine ( 304 ) via an intramolecular 1,3-dipolar cycloaddition of an azide with an 
electron-deficient alkene (Scheme 9.60). The required azide 301 was prepared hy 
coupling the vinyl iodide 299 and the aryl zinc chloride 300 using a Pd(0) catalyst 
in the presence of tm-2-furylphosphine. Intramolecular 1,3-dipolar cycloaddition 
of the azido enone 301 in boiling xylene afforded the desired keto aziridine 302 in 
76% yield. Hydroxylation of 302 according to Davis’s procedure followed by 
oxidation with Dess-Martin periodinane delivered the compound 303 , which was 
converted to the target molecule (zh)-cephalotaxine ( 304 ). 




Scheme 9.60 
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Scheme 9.61 



Ciufolini et al. (61) reported a facile assembly of the benzazocenone 307 as a 
part of the total synthesis of the antitumor alkaloids mitomycin C (309) and 
FR 900482 (310) based on intramolecular 1,3-dipolar cycloadditions of aryl azides 
with electron-rich alkenes (Scheme 9.61). Azide 305 was heated in refluxing 
toluene with a catalytic amount of K 2 CO 3 to give the triazoline 306 in 55% yield. 
Irradiation of a solution of the triazoline 306 in wet THF with a sun lamp gave an 
84% yield of the required benzazocene 308, which was converted to the target 
molecules 309 and 310. 

Fleet and co-workers (62) reported the preparation of o-glucose- and o-galactose 
related triazole carboxylic acids 315 and 318 as glycosidase inhibitors by the 
intramolecular 1,3-dipolar cycloaddition of an azide with an electron-deficient 
alkene (Scheme 9.62). Wittig reaction of the azide 312 with (carbomethoxymethy- 
lene)triphenylphosphorane in toluene at 120 °C furnished the triazoline 314 in 54% 
yield. Oxidation of 314 with bromine followed by cleavage of the silyl protecting 
group and subsequent hydrolysis of the ester afforded the o-g/Mco-triazole 
carboxylic acid 315 in 90% overall yield. The D-galacto-tnazo\e carboxylic acid 
318 was similarly prepared from the corresponding azide 316. 

An efficient stereoselective synthesis of the (pyrrolidin-2-ylidene)glycinate 
intermediate 325 was reported in a total synthesis of carzinophilin (326), employing 
an intramolecular cycloaddition of an azide with an alkene (63) (Scheme 9.63). The 
arabinose derivative 319 was converted into the required azide 321 via the triflate 
320. Thermolysis of the azide 321 at 50°C in THF produced the unstable triazoline 
322, which on rearrangement gave the (pyrrolidin-2-ylidene)glycinate 325 in 60- 
72% overall yield from the triflate 320. 
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9.2.2. Reaction with the Double Bond of Dienes 



Pearson et al. (64) developed an approach to the fused bicyclic 3-pyrrolines 328 
based on an intramolecular azide-alkene cycloaddition (Scheme 9.64). Azides 
(327) were heated at various temperatures between 70 and 110°C to afford the 
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pyrroline 328, traces of the pyrrole 329, and compound 330, the result of 
cycloaddition of the azide at the distal monosubstituted olefin. The relative amounts 
of 328-330 were dependent on the tether length and the nature of the group X. 

Hudlicky et al. (65) reported a formal stereoselective total synthesis of the 
oxygenated pyrrolizidine alkaloids platynecine (336), dihydroxyheliotridane (337), 
hastanecine (341), and tumeforcidine (342), involving an intramolecular azide- 
diene cycloadditions (Scheme 9.65). Intramolecular 1,3-dipolar cycloaddition of 
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C02Me 



(331) 



(332) 



TBDMSCl 

imidazole 




C02Me 



(333) 




(336) (337) 




(340) (341) (342) 



Scheme 9.65 




9.2. Synthesis of Natural Products, Intermediates, and Their Analogues 



667 



azides 332 and 333 was highly regioselective for the more electron-rich double 
bond of the diene to yield the corresponding aziridines 334 and 338 . Flash vacuum 
pyrolysis (FVP) of these aziridines at 480 °C gave the respective pyrrolidines 335 
and 339 . These pyrrolidines were converted into the pyrrolizidine natural products 
using well-established procedures. 

When this strategy was applied to the chiral azide 343, a severe loss of optical 
activity occurred, but the synthetic sequence was continued to afford the target 
molecule 347 in almost racemic form (66) (Scheme 9.66). 

Trihydroxyheliotridane-6,7-6>-acetonide ( 351 ) was synthesized using the same 
method (67) (Scheme 9.67). When refluxed in benzene, the azide 348 afforded the 
diastereomeric vinyl aziridines 349 in 44% yield. On FVP of vinyl aziridine ( 349 ) 
followed by catalytic reduction and subsequent LiAlH 4 reduction of the ester group, 
trihydroxyheliotridane-6,7-(?-acetonide ( 351 ) was formed in 34% yield. 

Pearson et al. (68) reported a versatile approach to pyrrolizidine and indolizidine 
alkaloids such as 355 , 247 , and 362 using intramolecular cycloadditions of azides 
with electron-rich dienes (Scheme 9.68). Azido dienes 353 , 357 , and 360 that 
possess a electron-donating group on the diene were prepared from the respec- 
tive compounds 352 , 356 , and 359 . On heating at 100 °C, the azido diene 353 
underwent smooth intramolecular 1,3-dipolar cycloaddition in a stereoselective 
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manner to give pyrrolizidine 354 in 74% yield. Azido dienes 357 and 360 similarly 
afforded the corresponding indolizidines 358 and 361 in 62 and 55% yields, 
respectively. 

The core skeleton of the indolizidine alkaloid gephyrotoxin ( 365 ) was prepared 
via the 1,3-dipolar cycloaddition of azido diene 363 (69) (Scheme 9.69). 

By using the same method, an attempt toward the synthesis of 3-epiaustraline 
( 371 ) was unsuccessful (70) (Scheme 9.70). Thermolysis of the azido-diene 
367 afforded the dehydropyrrolizidine 368 and the triazoline 369 in equal amounts. 
All attempts to hydrolyze the vinyl sulfide unit of 368 to the ketone 370 were futile, 
although a more conventional route to these alkaloids proved to be successful. 

Cha and co-workers (71) reported an enantioselective synthesis of the amylo- 
glucosidase inhibitor 6,7-diepicastanospermine ( 376 ) based on an intramolecular 
1,3-dipolar cycloaddition of an azide with a diene (Scheme 9.71). Intramolecular 
1,3-dipolar cycloaddition of the azide 372 proceeded with complete diastereo- 
selectivity to provide the vinyl aziridine 373 in 52% yield. Ring opening of 373 
followed by protection of the alcohol gave the pyrrolidine 374 in 65% yield. 
Sharpless asymmetric dihydroxylation of 374 followed by cyclization and acetyla- 
tion afforded the amide 375 in 70% yield. Reduction of the amide group in 375 with 
borane followed by removal of the acetyl units produced the target molecule 376 in 
71% yield. 
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9.2.3. Reaction with Alkynes and Nitriles 

Hlasta and Ackerman (72) reported a synthesis of the triazoles 379, related to 
the human leuokocyte elastase inhibitor WIN 62225 (380), based on an inter- 
molecular 1,3-dipolar cycloaddition of the azide 378 with alkynes (Scheme 9.72). 
They also investigated in detail the effect of steric and electronic factors on the 
regioselectivity of the cycloaddition reaction. (Azidomethyl)benzisothiazolone 
(378) underwent smooth 1,3-dipolar cycloaddition with various disubstituted 
acetylenes to give the corresponding triazoles (379) in 37-84% yields. Electron- 
deficient acetylenic dipolarophiles reacted more rapidly with the azide to give the 
respective triazoles. 



BnO 



O.. pOH 




BnO'' ''OBn 

OBn 



(381) 



(i) NH 2 OH, EtOH 
99% 



(ii) PPhj, CBr4 
75-85% 



OBn 




(i) DMSO, oxalyl chloride 

92% 

(ii) NaBH4, CeCh-h HjO 

(iii) TsCl, pyridine 

91% 



OBn 




NaNj, DMSO 



110-125 °C, 195 min 
70% 





(i) LiAlH4, EtjO, 5 h, A 

83% 

(ii) H 2 , ( 8 bar ), 10% Pd/C 
AcOH, rt 15 h, 86% 

(iii) MeOH, aq HCl 

(iv) Dowex 1x8 (OH“) 



H 




Scheme 9.73 




674 



Azides 



Ermert and Vasella (73) reported a novel synthesis of the glucose-derived tetra- 
zole 385 as a new glucosidase inhibitor via the intramolecular cycloaddition of an 
azide with a nitrile (Scheme 9.73). Ring opening of terra-O-benzylglucose (381) 
with hydroxylamine followed by dehydration afforded the nitrile 382 in good yield. 
Compound 382 was then smoothly converted into the tosylate 383, which on reaction 
with NaN 3 in DMSO at 110-125 °C gave the tetrazole 384 in 70% yield. Removal 
of the benzyl protecting groups produced the glucosidase inhibitor 385 in 
92% yield. Tetrazole 384 was also converted into deoxynojirimycin (386) in a 
few steps. 
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Scheme 9.77 



Fleet and co-workers (74) reported a synthesis of a tetrazole analogue of 5-epi- 
L-deoxyrhamnojirimycin (392), a potent inhibitor of naringinase, based on an 
intramolecular cycloaddition of an azide with a nitrile (Scheme 9.74). Esterification 
of the lactone 387 with triflic anhydride followed by treatment with NaN 3 gave the 
azido lactone 388 in 67% overall yield. Ring opening of 388 with ammonia 
followed by dehydration yielded the azido nitrile 389. Heating of azide 389 in 
refluxing toluene followed by acid hydrolysis of the ketal unit delivered the 
tetrazole 391 in 75% overall yield. 

Fleet and co-workers (75a) synthesized various tetrazoles from manno- and 
rhamnopyranoses, as well as furanoses, based on the intramolecular 1,3-dipolar 
cycloadditions of azides with nitriles (Scheme 9.75). All of these tetrazoles were 
tested for their inhibitory activities toward both glycosidases and other sugar- 
processing enzymes. o-Mannopyranotetrazole (397) was prepared from L-gluono- 
lactone (393). Azide 394 on ring opening with ammonia followed by dehydration 
with trifluoroacetic anhydride gave the azido nitrile 395. Intramolecular 1,3-dipolar 
cycloaddition of 395 in refluxing toluene followed by deprotection produced the 
D-mannopyranotetrazole 397 in 86% overall yield. 

A similar synthetic approach was used to prepare o-rhamnopyranotetrazole 
(401) and its enantiomer L-rhamnopyranotetrazole (405) from the corresponding 
azides 399 and 403 (Scheme 9.76). 

D-Mannofuranotetrazole (409) was prepared analogously from methyl pyrano- 
side (406) (75b) (Scheme 9.77). Methyl pyranoside (406) was smoothly converted 
into the azido nitrile 407. On heating in DMSO, the azido nitrile 407 gave the 
tetrazole 408 in 92% yield. The ketal unit in 408 was cleaved using 1 : 1 TFA/H 2 O to 
give the target molecule o-mannofuranotetrazole (409) in 85% yield. 
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D-Rhamnofuranotetrazole (412) and L-rhamnofuranotetrazole (416) were simi- 
larly prepared from methyl pyranoside (406) and L-rhamnose (413) in 8 and 15% 
overall yields, respectively (Scheme 9.78). 

9.3. CONCLUSION 



The 1,3-dipolar cycloaddition of azides combined with further synthetic trans- 
formations is a highly useful reaction for the synthesis of heterocycles and natural 
products. Even though the chemistry of azide cycloadditions has been known for 
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>100 years, applications of this strategy for the synthesis of natural products have 
been realized only toward the end of the twentieth century. We believe that 
the synthetic potential and new applications of this useful class of 1,3-dipoles 
will be continue to be developed in the future. 
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In the nearly 20 years since the publication of the outstanding review of 
mesoionic ring systems in 1,3-Dipolar Cycloaddition Chemistry by Potts (1), the 
mystique surrounding these fascinating molecules has evaporated to reveal a 
collection of remarkably versatile compounds that are powerful 1,3-dipoles in 
cycloaddition chemistry. The main focus of this chapter consists of the synthetic 
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applications of mesoionic heterocycles in 1,3-dipolar cycloaddition reactions, 
particularly those involving miinchnones (1) (l,3-oxazolium-5-olates) and the newer 
isomtinchnones (2) (l,3-oxazolium-4-olates), about which most of the chemistry 
has been reported. Lesser work has been described involving the mesoionic 
sydnones (3) (l,2,3-oxadiazolium-5-olates), thiomiinchnones (4) (l,3-oxathiolium-5- 
olates), thioisomiinchnones (5) (l,3-thiazolium-4-olates), and other mesoionic ring 
systems. 

Since the nomenclature and classihcation of mesoionic heterocyclic ring systems 
has been adequately presented by Potts (1), and has been discussed further by Ollis 
et al. (2), these topics will not be repeated here. 




10.1. SYNTHESIS 



While this section ostensibly deals only with the new syntheses of mesoionic 
heterocycles, it is appropriate in some cases to include the accompanying 
1,3-dipolar cycloaddition reactions reported by the authors. 



10.1.1. Miinchnones (l,3-oxazolium-5-olates) 



The traditional synthesis of miinchnones involves the cyclodehydration of 
N-acylamino acids usually with acetic anhydride or another acid anhydride. Potts 
and Yao (3) were apparently the first to employ dicyclohexylcarbodiimide (DCC) to 
generate mesoionic heterocycles, including miinchnones. Subsequently, Anderson 
and Heider (4) discovered that miinchnones can be formed by the cyclodehydration 
of N-acylamino acids using Ai-ethyl-A'-dimethylaminopropylcarbodiimide (EDC) 
or silicon tetrachloride. The advantage of EDC over DCC is that the urea byproduct 
is water soluble and easily removed, in contrast to dicyclohexylurea formed from 
DCC. Although the authors conclude that the traditional Huisgen method of acetic 
anhydride is still the method of choice, these two newer methods are important 
alternatives. Some examples from the work of Anderson and Heider are shown. The 
in situ generated miinchnones (not shown) were trapped either with dimethyl 
acetylenedicarboxylate (DMAD) or ethyl propiolate. 
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Bz = benzoyl 
tol = toluene 



During a peptide synthesis study, Slebioda (5) apparently independently 
observed the formation of miinchnone ( 12 ) from A^-benzoylphenylalanine and 
DCC. He was able to isolate and fully characterize this crystalline miinchnone 
along with oxazolone 13 . The tautomerization of 13 to 12 as a function of base and 
solvent is best effected with triethylamine in DMF (68% yield). 




Another important route to miinchnones is that described by Boyd and Wright 
(6,7) involving the cyclodehydration of N-acylamino acids with acetic anhydride in 
the presence of perchloric acid to give 1,3-oxazolonium salts (A-alkylated azlac- 
tones). Upon exposure to mild base (triethylamine or sodium carbonate) miinch- 
nones are formed. Hershenson and Pavia (8) reported a variation involving the in 
situ alkylation of azlactones ( 14 ), deprotonation with 2,6-di-fe/-t-butylpyridine, and 
trapping the resulting miinchnones ( 15 ) with DMAD to give pyrroles ( 16 ) in good 
yield. 
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yO 

aS 

N 



RX DMAD 



Bn 

53-87% 



( 14 ) 




t-Bu N f-Bu 

RX = Et30Bp4, Me0S02Cp3, Br(CH2)30S02Cp3 



Wilde (9) generated N-acyl miinchnones for the first time via the acylation and 
desilylation of 5-siloxyoxazoles. Thus, for example, exposure of 17 to acetyl 
chloride in the presence of DMAD affords A-acetylpyrrole ( 19 ) via A-acetyl- 
miinchnone 18 . Other trapping agents (thiocarhonyls, A-phenylmaleimide) failed 
and the analogous trimethylsiloxyoxazoles were unusually labile and gave lower 
yields of pyrroles (13-15%). Ethyl chloroformate was also used in this sequence 
and gave, for example, pyrroles 20-21. 



Me 



O 



N 



OTBS 



Me 



AcCl 

CH 2 CI 2 -78 to 0 °C 
77% 



( 17 ) 




(TBS = SiMe 2 f-Bu) 




MeOzC C02Me 
R^N^Me 



C02Et 

(20) R = H (67%) 

(21) R = Me (55%) 



Moreover, Wilde (9) also found that N-acyl miinchnones are prone to equilibrate 
through ring-chain tautomerism, a process well known for N-alkyl miinchnones 
(10-13). Thus, as shown in Scheme 10.1, oxazole 22 reacts with benzoyl chloride in 
the presence of DMAD to give a mixture of pyrroles 24 and 27 presumably via 
ketene 25 , which (slowly) equilibrates miinchnones 23 and 26 . Capture of 
miinchnone 23 by DMAD is faster than equilibration to mtinchnone 26 . 

In a protocol similar to that reported by Hershenson and Pavia (8) (see above), 
Wilde (9) found that A-methyl miinchnone ( 28 ) could be generated using methyl 
triflate and trapped with DMAD and thiobenzophenone to give 29 and 31 , 
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Scheme 10.1 



respectively (Scheme 10.2). Other trapping agents such as trimethylsilyl chloride 
and p-toluenesulfonyl chloride afforded lower yields of cycloadducts with DMAD. 

Armstrong and co-workers (14-17) employed the elegant Ugi four-component 
condensation (18,19) to construct miinchnone precursors and, following deprotona- 
tion, miinchnones. The overall sequence, which has been adapted to the solid-phase 
synthesis of pyrroles by Armstrong and co-workers (17) and, independently, by 
Mjalli et al. (20), is illustrated in Scheme 10.3 for the synthesis of pyrrole 35 (17). 
The Ugi condensation leads directly to 33 and miinchnone (34) formation is 
induced with acid. Trapping of 34 with DMAD and cleavage from the resin yields 
35. Mjalli et al. (20) generated several other solid-supported miinchnones, which 
were converted into pyrroles by trapping with DMAD and other alkynes. 

Merlic et al. (21) reported a novel generation of miinchnones from acylamino 
chromium carbene complexes (Scheme 10.4). Thus, exposure of complex 36 to 
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Scheme 10.3 
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carbon monoxide affords the chromium ketene complex 37, which cyclizes to 
miinchnone 38 and can be isolated in 27% yield. Performing this reaction in the 
presence of DMAD furnishes pyrrole 39 in 78% yield. The related but more stable 
chelate carhene complex 40 also reacts with pressurized carbon monoxide to give 
miinchnones that can be trapped with alkynes to afford the expected pyrroles 41. 

The relatively sensitive acylamino chromium complexes (e.g., 43) can 
be prepared in situ from stable amino carbene complexes (e.g., 42) as shown for 
the generation of miinchnone 44 and conversion to pyrrole 45 with DMAD 
(Scheme 10.5) (21). 

10.1.2. Isomiinchnones (l,3-oxazolium-5-olates) 

Although the mesoionic l,3-oxazolium-4-olates, “isomiinchnones”, occupied 
only a few pages in the reviews by Potts (1) and Gingrich and Baum (10), in the 
intervening years this ring system has exploded in popularity, largely due to the 
efforts of Padwa and co-workers. Padwa has summarized his isomiinchnone work in 
several reviews (22-27). While isomiinchnones are rarely isolable, these carbonyl 
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A A CO 
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Ph N Ph 
Me 
(36) 



30 psi 
THF 
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1 1 

o c 
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THF = tetrahydrofuran 



r1 = r 2 = C02Me (90%) 
Rl=R2 = Ph(12%) 
r1 = H, r 2 = C02Me (80%) 
R‘ = Bu, r 2 = C02Me (36%) 



Scheme 10.4 
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(42) 



Ph 



O Cr(CO )5 



Me 



(43) 





Bu 



DMAD 

23% 




Scheme 10.5 



ylide 1,3-dipoles often undergo 1,3-dipolar cycloaddition reactions extremely well 
as discussed in Section 10.2.2. 

Only a few methods are available for the synthesis of isomiinchnones, and the 
original techniques are summarized by Gingrich and Baum (10). Padwa and co- 
workers (25) provided a more recent historical account of the synthesis of 
isomiinchnones. The major new development is the generation of isomiinchnones 
using the rhodium(II)-catalyzed decomposition of a-diazo carbonyl compounds. In 
continuation of earlier work (28), Haddadin and Tannus (29) extended their new 
synthesis of isomiinchnones 51 from A(-benzoylphenylglyoxanilides (50) as illu- 
strated in Scheme 10.6 to a series of new compounds. 

In some cases these highly colored isomiinchnones were quite stable for weeks 
(51a-c), moderately stable for 2-10 min (51d-n), or unstable within seconds (51o). 
Isomiinchnones 51a-c crystallized out of the reaction mixture. 




(51a) R‘ = R2 = R3 = Ph 
(51b) R‘ = r2 = Ph, r3 = 4-N02-Ph 
(51c) R* = 4-Br-Ph, R^ = Ph, R^ = 4-N02-Ph 
(51d) R' = r2 = Ph, r3 = 4-MeO-Ph 
(51e) R* = r2 = Ph, r3 = f-Bu 



(511) R‘ = r 2 = Ph, r 3 = CH=CHPh 

(51g) R' = r 3 = Ph, r 2 = 2,5-Me2-Ph 

(51h) R' = Ph, r 2 = 2,5-Me2-Ph, R^ = 4-N02-Ph 

(51i) R‘ = r3 = Ph, r2 = 2-naphthyl 

(51j) R' = Ph, r 2 = 2-naphthyl, R^ = 4-N02-Ph 

(51k) R‘ = 4-Br-Ph, R^ = Ph, R^ = 4-Me-Ph 

(511) R‘ = 4-Br-Ph, R^ = Ph, R^ = CH=CHPh 

(51m) R' = 4-Me-Ph, R^ = R^ = Ph 

(51n) R* = r 2 = Ph, r 3 = 1 -naphthyl 

(51o) R‘ = r 2 = Ph, r 3 = Me 



Only a few of these isomiinchnones (51) reacted with Ai-phenylmaleimide 
(NPM) to give stable adducts. Thus, although 51a gave a mixture of exo and 
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endo adducts (28), 51b and 51c gave mainly endo adducts 52 and 53, respectively. 
Haddadin et al. (28) were unable to isolate cycloadducts of the other isomiinch- 
nones with NPM. 





(52) (36%) (53) (46%) 



Mathias and Moore (30-33) described a new synthesis of isomiinchnones 55 via 
the thermal cyclization of A-(chloroacetyl)lactams (54) (Scheme 10.7). These 
isomiinchnones can he captured by NPM to give fused 2-pyridones in moderate 
yields. Cycloadducts from the reaction with DMAD are produced in much lower 
yields (<17%), and other olefinic dipolarophiles (fumarate, maleate, acrylate, and 
dicyanocyclobutene) are unreactive. Reaction of A-(chloroacetyl)benzamide (57) in 
the presence of NPM gave 58 in low yield. 

Doyle et al. (34) were the first group to generate isomiinchnones from diazo 
imides using Rh(II) catalysis. For example, isomiinchnone 60 was produced from 
diazo imide 59, hut attempts to trap this species with ethyl acrylate were 
unsuccessful. The only material identified was the isomiinchnone hydrolysis 
product. This use of Rh(II) to generate a rhodium-carbenoid species from an 
a-diazo carbonyl compound is reminiscent of the first successful synthesis of 
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(54b) n = 5 
(54c) n = 6 





(56a) n = 4 (43%) 
(56b) n = 5 (43%) 
(56c) n = 6 (39%) 



o 




Scheme 10.7 



isomtinchnones by Hamaguchi and Ibata (35), which involved Cu(II) to generate a 
copper-carbenoid species from an a-diazo imide that subsequently cyclized to an 
isomtinchnone. 



Ph Me Ph Me 




(59) (60) 



The first successful generation and trapping of isomtinchnones using this 
strategy was described independently by Maier et al. (36,37) and Padwa et al. 
(38,39). Maier and Evertz (36) were the first workers to report the intramolecular 
dipolar cycloaddition of isomtinchnones to alkenes, the reaction that Padwa would 
later exploit so spectacularly. Thus, diazo imide 62 was readily prepared from 
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1 . n-BuLi 
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EtsSiH 

BE3-Et20 

68% 




(65) 



Scheme 10.8 



amide 61 by acylation and diazo transfer (Scheme 10.8). Reaction of 62 with 
rhodium acetate generates isomiinchnone 63 , which smoothly cyclizes to afford 
tricycle 64 . Several other examples are described in this article. Reductive ring 
opening of 64 led to 2-piperidone 65 . 

Maier and Schoffling (37) extended this intramolecular isomiinchnone cycload- 
dition to a synthesis of fused furans by employing an alkyne dipolarophile 
(Scheme 10.9). Thus, the diazo acetylenes (66) are smoothly converted to furans 
( 69 ) via isomiinchnones ( 67 ) with catalytic rhodium acetate. 

Padwa et al. (38) also explored the rhodium-catalyzed reaction of diazo imides 
to form isomiinchnones (Scheme 10.10). Thus, 70 smoothly forms isomiinchnones 
71 that can be intercepted in high yield with DMAD to give furans 73 , following 
loss of methyl isocyanate from the cycloadducts 72 . 

The bicyclic isomiinchnones 75 can be trapped with NPM to afford adducts 76 
(38). 

Trapping isomiinchnone 77 with DMAD led to furan isocyanate 78 , after a retro- 
Diels-Alder reaction (Scheme 10.11) (38). 
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R* = H, OCOPh; = H, Me; R^ = H, Me; R"* = Me, OMe; n = 1, 2 

Scheme 10.9 




(76a) n = 0 (61%) 
(76b) n = 1 (78%) 
(76c) n = 2 (85%) 
(76d) n = 3 (75%) 



Doyle et al. (39) expanded the rhodium-catalyzed generation of isomiinchnones 
from diazoacetacetamides and subsequent trapping with dipolarophiles (38). As 
shown in Scheme 10.12, in the case of diazoacetoacetyl urea (79) the derived 
isomiinchnone 80 reacts with methyl propiolate to give a 2:1 mixture of cycload- 
ducts 81. The resulting regiochemistry is successfully rationalized using frontier 
molecular orbital (FMO) theory as being isomiinchnone-HOMO controlled. This 
result represents one of the few reactions in which the cycloadducts from 
isomiinchnones and alkynes are stable. 

The newest method for generating isomiinchnones was reported by Padwa and 
co-workers (40,41). Thus, Kuethe and Padwa developed an exciting new applica- 
tion of the venerable Pummerer reaction of imido sulfoxides to generate and trap 
isomiinchnones with alkenes. For example, the readily prepared imidosulfoxide 82 
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(70a) R = Me 
(70b) R = Et 



(71a) R = Me 
(71b) R = Et 




(72) (73a) R = Me (82%) 

(73b) R = Et (86%) 



Scbeme 10.10 



upon exposure to acetic anhydride and a trace of p-toluenesulfonic acid affords 
isomtinchnone 83 . Trapping with NPM or maleic anhydride yields cycloadducts 84 
(Scheme 10.13). 

This strategy is a powerful route to bicyclic pyridones and their transformation 
products. Thus, these workers (40,41) applied this methodology to formal syntheses 
of the lupinine alkaloids (±)-lupinine and (±)-anagyrine ( 89 ) (Scheme 10.14). 
Imido sulfoxide ( 82 ) is converted to the corresponding isomtinchnone that is trapped 
with methyl acrylate to give 85 . Oxidation, ring opening, and triflate formation 




Scbeme 10.11 
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Bn = benzyl 

Scheme 10.12 



affords 86. A Stille cross-coupling installs the pyridine unit and further manipula- 
tion leads to 88 , which has previously been converted to (±)-anagyrine ( 89 ). 

In the full account of this work, Padwa et al. (41) demonstrated that the 
1,3-dipolar cycloaddition is an endo cycloaddition and the regiochemistry is 
consistent with that of a HOMO-dipole controlled process as judged from the 
products 91 and 92 that arise from the reaction between isomtinchnone 90 and 
methyl propiolate and phenyl vinyl sulfone, respectively (Scheme 10.15). Iso- 
miinchnone 90 is also trapped with DMAD to give the expected furan in 41% yield. 




(83) 

p-TSA = p-toluenesulfonic acid 



(84a) X = NPh (75%) 
(84b) X = 0 (69%) 



Scheme 10.13 
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( 88 ) 

dba = dibenzylideneacetone 



(89) 



Scheme 10.14 





S02Ph 
(92b) (20%) 



(92a) (57%) (2:1 exo/endo) 

Scheme 10.15 



(91) (15%) 
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10.1.3. Sydnones (l,2,3-oxadiazolium-5-olates) 

The classical synthesis of mesoionic l,2,3-oxadiazolium-5-olates (3), the so- 
called “sydnones”, by Earl and Mackney (42), involving the cyclodehydration of 
an N-nitrosoglycine derivative, continues to be the only viable method for their 
preparation. However, Turnbull and co-worker (43) reported that the use of neutral 
nitrosation conditions avoids the formation of C-nitrosation and allows for the 
synthesis of previously inaccessible 3-arylsydnones, such as 3-(2-acetylphenyl) 
sydnone. The method is illustrated below. 



H 

^N.,.C02H 



isoamyl nitrite 
DME 



NO 

^N^C02H 



TFAA 

48-90% 
(2 steps) 




(93) 



Ar = Ph, 2-CN-Ph, 2-C02Me-Ph, 2 -CO 2 H-PI 1 , 2-Me-Ph, 2-MeO-Ph, 2-N02-Ph, 2-Br-Ph, 2-Ac-Ph 
DME = 1 ,2-dimethoxyethane 



Turnbull et ah, who has been a pioneer in the exploration of sydnone chemistry, 
has effected several derivatizations of sydnones that promise to make these 
compounds more attractive for 1,3-dipolar cycloaddition studies. This chemistry 
includes nitration of the aryl ring in 3-arylsydnones (44), halogenation studies 
(45,46), C(4) acylation (47), and dilithiation of 3-phenylsydnone (48,49). Kalinin 
and co-workers (50) described the lithiation and functionalization of the methyl 
group in 3-methyl-4-phenylsydnone. Petride (51) has also studied the acylation of 
both sydnones and miinchnones, and the conformational preferences of the 
resulting compounds including several novel 4-unsubstituted monocyclic miinch- 
nones. The C(4) iodination of sydnones under mild conditions has been discovered 
by Dumitrascu et al. (52) and has led to an excellent synthesis of 5-iodopyrazoles as 
is described in Section 10.2.3. 



10.1.4. Thiomiinchnones (l,3-oxathiolium-5-olates) 

The original synthesis of thiomiinchnones (4) (l,3-oxathiolium-5-olates) (53- 
55), which involves the cyclodehydration of an (S)-acylthioglycolic acid, was used 
by Gribble and co-workers (56) to generate 2,4-diphenylthiomiinchnone (94) and 
trap it with 1,5-cyclooctadiene in a tandem 1,3-dipolar cycloaddition sequence to 
afford sulfide 95 (Scheme 10.16). Apart from this one report, this mesoionic 
heterocycle has received no attention since the review by Potts (1). 
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Ph 



CO2H 



Br 



HS 



O 

A 



Ph 



NaOH 



MeOH 

79% 



HO 2 C o 
Ph'^S'^Ph 



DIPC 

PhH reflux 




10.1.5. Thioisomiinchnones (l,3-thiazolium-4-olates) 

In contrast to thiomtinchnones, thioisomiinchnones (5) (l,3-thiazolium-4-olates) 
have received considerable attention over the past three decades, and a rich array of 
1,3-dipolar cycloaddition chemistry is described in Section 10.2.5. These hetero- 
cycles were initially constructed by Potts (1,53,57) from thioamides and a-halo acid 
chlorides, an example of which is shown in Scheme 10.17 (58). 

Shortly thereafter, Potts and Murphy (59) found that thioisomiinchnones could 
be synthesized by a Rh(II)-catalyzed cyclization of a diazothioamide, as illustrated 
for 97. Several other thiomiinchnones (98-100) were similarly prepared (59). 




Scheme 10.17 
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Ph 




0 _ 



(98) (93%) (99) (76%) (100) (88%) 

Padwa utilized this rhodium-catalyzed cyclization of diazothiocarhonyl com- 
pounds to great effect in the generation and trapping of thioisomiinchnones (60,61). 
For example, thioisomiinchnone (101) is readily prepared (and isolated) from the 
reaction of 2-thiopyrrolidinone and diketene, followed hy diazo transfer and 
rhodium induced cyclization (Scheme 10.18) (60). Trapping with NPM afforded 
cycloadduct 102 . 

10.1.6. l,3-Thiazolium-4-thiolates 

The sulfur analogues of thioisomiinchnones are l,3-thiazolium-4-thiolates (104) 
and two synthetic routes to these compounds have been described by Yoshii and 




(101) (102) 



Scheme 10.18 
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Ph 



W 

// w 

'S' 

(103) 



Ph 




DMAD 

47-72% 



S S Ph 

^/X^C02Me 

COzMe 
(105) (R = Me,Et, Bn) 



NaSH 

MeOH 

44% 

(104,R = Me) 



Me ^ 0“ 

Ph-^S-^Ph 

(106) 



MC 30 BF 4 

78% 




co-workers (62) (Scheme 10.19). Alkylation of thiazole 103 followed by thiation 
gave mesoionics 104. Reaction with DMAD gave the unexpectedly stable cycload- 
ducts 105. Alternatively, exchange of the exocyclic oxygen of thioisomiinchnone 
(106) for sulfur via 107 was less efficient than direct thiation. 

Somewhat earlier, Souizi and Roberts (63) reported mesoionic heterocycle 
interconversions leading to l,3-thiazolium-4-thiolates, l,3-thiazolium-4-olates, 
and l,3-dithiolium-4-thiolates from l,3-dithiolium-4-olates. This elegant chemistry, 
which involves cycloaddition reactions, is presented in Section 10.3.8. 

10.1.7. Oxamiinchnones (l,3-dioxolium-4-olates) 



The first synthesis of l,3-dioxolium-4-olates (here defined as oxamiinchnones) 
was reported in 1980 by Berk et al. (64) but it was work of Hamaguchi and Nagai 
(65,66) that demonstrated the accessibility and utility of these new mesoionic 
heterocycles in cycloaddition reactions. Thus, reaction of diazoacetic benzoic 
anhydrides 108 with a Ti-allyl palladium complex affords oxamiinchnones 109. 



O O 




N2 



( 108 ) 



Ph 



7l-allyl Pd 
PhH, 80 °C 



Ar 






Ph 



(109) 



DMAD 

86% 



Me02C C02Me 




'! W 



Ar^ Ph 



Scheme 10.20 



( 110 ) 

(Ar = 4-N02-Ph) 
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Subsequent trapping with DMAD affords the expected furan 110 in excellent yield 
(65) (Scheme 10.20). Additional chemistry of this novel mesoionic heterocycle is 
presented in Section 10.2.7. 

10.2. CYCLOADDITION REACTIONS 



The statement made in 1986 by Gingrich and Baum (10), with regard to 
miinchnones, that “the most important reactions (of miinchnones) from a synthetic 
point of view are 1,3-dipolar cycloaddition reactions,” certainly applies to all 
mesoionic heterocycles and is more true today than it was in 1986. Although the 
factors governing the regioselectivity of unsymmetrical mesoionic cycloadditions 
are not always completely understood, the synthetic utility of this chemistry is 
enormous and indisputable. 

As we have seen in previous discussions, DMAD is a powerful and reliable 
dipolarophile that is routinely used to trap mesoionic heterocycles. If DMAD is 
unable to ambush a suspected mesoionic heterocycle, then the latter most probably 
has not been generated! 

10.2.1. Miinchnones (l,3-oxazolium-5-olates) 



Anderson et al. (67,68) used the miinchnone generation-DMAD trapping 
protocol to synthesize various pyrrolizines as potential antileukemic agents, such 
as 111 and the pyrrolo[l,2-c]thiazoles 112 . 





AcjO, DMAD 



120 °C 
63-68% 



C02Me 

r^)^C02Me 

R 



R = Me, 3,4-Cl2-Ph 



( 112 ) 



Gyorgydeak et al. (69) converted a series of 2-substituted 3-acyl-l,3-thiazoli- 
dine-4-carboxylic acids (113) into the corresponding pyrrolo[l,2-c]thiazoles (115) 
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(113) (114) (115) 



R\ = H, Ph, Ar, sugar; R^ R'^ = H, Me; R'^ = Me, Et, f-Bu 

Scheme 10.21 

via miinchnones ( 114 ), which were trapped with DMAD (Scheme 10.21). Similarly, 
Pinho e Melo et al. (70) found that heating a diastereomeric mixture of {2R,AR)- 
and (25',4/?)-2-phenylthiazolidine-2-carboxylic acids with acetic anhydride in the 
presence of DMAD affords the expected pyrrolothiazole in good yield and 99% 
enantiometric excess (ee). Similar dipolar cycloadditions occur with methyl 
propiolate, methyl vinyl ketone, and acrylonitrile. 

Robba and co-workers (71) synthesized the 2-azapyrrolo[l,2-a]indole ring 
system via a miinchnone cycloaddition strategy (Scheme 10.22). Thus, trapping 
the miinchnone derived from proline derivative 116 gave pyrrole 117 in 75% yield. 
Further elaboration yielded the desired 118 and subsequent target compounds. 

Vasella and co-workers (72) employed miinchnone chemistry in the synthesis of 
several pyrrolopyridines and imidazopyridines as novel inhibitors of P-D-glucosi- 
dases (Scheme 10.23). Thus, treatment of the lactam glycine ( 119 ) with acetic 






Scheme 10.22 
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( 121 ) 

Scheme 10.23 



anhydride in the presence of DMAD affords pyrrole ( 121 ) via mtinchnone 120 in 
95% yield. These workers also generated 120 in the presence of methyl propiolate 
using EDC to afford a mixture of isomeric pyrroles (77% yield). 

The imidazopyridine 123 was synthesized by treating amino acid 122 with 
p-toluenesulfonyl cyanide and DCC. The yield of 123 was lower (38%) when the 
miinchnone was generated with mesyl chloride (72). The minor amide product 124 
is proposed to arise from the diastereoisomeric miinchnone adduct that undergoes 
fragmentation rather than decarboxylation. 





CONH2 
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AC2O 



(125) R = H 

(126) R = Me 




R = H 



TFAA 



DMAD 




H2O 



-CO2 




(129) R = H (69%) 

(130) R = Me (73%) 




TFAA = Trifluoroacetic acid anhydride 

Scheme 10.24 



Chan and co-workers (73) generated the novel miinchnone-sydnone hybrids 
127-128 by cyclodehydration of the sydnone glycine ( 125 ) and alanine ( 126 ), 
respectively. Trapping with DMAD gave 129 and 130 . Maleic anhydride and 
dimethyl maleate failed to capture these miinchnone-sydnone hybrids. Exposure of 
125 to trifluoroacetic anhydride gave acylated miinchnone 131 [by nuclear 
magnetic resonance (NMR)]. Workup afforded the hydrolysis product 132 
(Scheme 10.24). 

Yamanaka and co-workers (74) effected the 1,3-dipolar cycloaddition between 
miinchnones 134 and polyfluoro-2-alkynoic acid esters to afford the corresponding 
4-(polyfluoroalkyl)pyrrole-3-carboxylates ( 135 ). The reaction proceeds rapidly at 
low temperature and the various miinchnones ( 134 ) were generated from 
1,3-oxazolium perchlorates 133 using the method of Boyd and Wright (6,7). Under 
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these reaction conditions methyl 2-hutynoate failed to react with 134 , hut DMAD 
gave the corresponding pyrrole in 75% yield. Interestingly, changing the solvent 
from toluene to acetonitrile promoted Michael -addition products of triethylamine to 
the alkyne ester. The rapid reaction of these polyfluorinated esters in this 
1,3-dipolar cycloaddition reaction is attributed to a lowering of the lowest occupied 
molecular orbital (LUMO) as a result of the powerful electron-withdrawing ability 
of the fluorinated alkyl group. 




CIO4- r1 
(133) 




(134) 




R* = Ph, Me (one example); = Ph, 4 -NO 2 -PI 1 , 4-Cl-Ph, 4-Me-Ph, 4-MeO-Ph, Me; 
R^ = CHF 2 , CF 3 , H(CF 2 ) 3 , C 02 Me; R"* = Me, n-CeHn (one example) 



Padwa et al. (75) found that the unsymmetrical miinchnone 137 , which was 
generated from A-acetyl-A-benzylglycine ( 136 ) and refluxing acetic anhydride, 
reacts with methyl propiolate to give an 8:1 mixture of pyrroles 138 and 139 . The 
same product ratio is obtained from the reaction of methyl propiolate and the 
azomethine ylide derived from A-benzyl-A-(a-cyanoethyl)-A(-[(trimethylsilyl)- 
methyljamine. 



O CO 2 H 



Bn 



AC2O 
115 °C 




(136) 



(137) 



^ C02Me 



Me09C 

Me 

I 

Bn 

(138) (60%) 




H- 



C02Me 




I 



Bn 

(139) (8%) 



Similarly, Toupet et al. (76) determined the structures of the pyrrole adducts 
from the cycloaddition of several miinchnones with methyl phenylpropionate by 
X-ray crystallography. These highly regioselective cycloadditions are in accord 
with FMO predictions. This same French team (77) studied the cycloaddition 
reactions of miinchnones with methyl propiolate and methyl 3-phenylpropiolate to 
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TABLE 10.1. 1,3-DIPOLAR CYCLOADDITION REACTIONS OF IN SITU GENERATED 
MUNCHNONES AND METHYL PROPIOLATE AND METHYL 3-PHENYLPROPIOLATE“ 



R2 




R 






C02Me 




R^ 



R^ C02Me 




N 

I 

R 



R' 



(141) 













% Regiochemistry 


R 


r‘ 


R^ 


R^ 


Yield (%) 


140 


141 


Me 


Ph 


Me 


H 


100 


48 


52 


Me 


Me 


Ph 


H 


100 


65 


35 


Ph 


Ph 


Me 


H 


100 


35 


65 


Ph 


Me 


Ph 


H 


100 


65 


35 


Me 


Ph 


4-N02-Ph 


H 


100 


50 


50 


Me 


Ph 


Me 


Ph 


65 


95 


5 


Me 


Me 


Ph 


Ph 


55 


95 


5 


Ph 


Ph 


Me 


Ph 


40 


90 


10 


Ph 


Me 


Ph 


Ph 


47 


90 


10 


Me 


Ph 


4-MeO-Ph 


Ph 


40 


100 


0 


Me 


4-Me-Ph 


Ph 


Ph 


60 


100 


0 


Me 


Ph 


4-N02-Ph 


Ph 


70 


100 


0 


Me 


3-N02-Ph 


Ph 


Ph 


82 


100 


0 



“Reference (77). 



give mixtures of the regioisomeric pyrroles 140 and 141 (Table 10.1). Yebdri and 
Texier (78) also studied cycloaddition reactions of the well-known munchnone 142 , 
derived from proline and acetic anhydride, with methyl propiolate and methyl 
3-phenylpropiolate to give mixtures of pyrrolizines 143 and 144 , respectively. 




(143a) R = H (21%) (143b) R = H (42%) 

(144a) R = Ph (40%) (144b) R = Ph (21%) 
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TABLE 10.2. 1,3-DIPOLAR CYCLOADDITION REACTIONS OF IN SITU GENERATED 
MUNCHNONES AND TERMINAL ALKYNES"’* 






Me 




Me 

(145) 


Me 

(146) 












% Regiochemistry 


r‘ 


R^ 


R^ 


Yield (%) 


% 145 


% 146 


Ph 


H 


COjEt 


77 


75 


25 


H 


Ph 


COjEt 


30 


14 


86 


Ph 


H 


COPh 


80 


75 


25 


H 


Ph 


COPh 


58 


0 


100 


Ph 


H 


Ph 


34 


100 


0 


Me 


H 


COjEt 


51 


84 


16 


H 


Me 


COjEt 


24 


25 


75 


Me 


H 


COPh 


85 


80 


20 


H 


Me 


COPh 


11 


0 


100 


Me 


H 


Ph 


4 


100 


0 


Ph 


Me 


COjEt 


87 


38 


62 


Me 


Ph 


COiEt 


99 


43 


57 


Ph 


Me 


COPh 


29 


2 


98 


Me 


Ph 


COPh 


83 


18 


82 


Ph 


Me 


Ph 


50 


98 


2 


Me 


Ph 


Ph 


44 


99 


1 



“Munchnones were generated from the corresponding N-acylamino acids using acetic anhydride in 
toluene at 80°C. 

* Reference (79). 



Dalla Croce and La Rosa (79) examined the 1,3-dipolar cycloaddition reactions 
of unsymmetrical miinchnones with terminal alkynes to give pyrroles 145 and 146 
(Table 10.2). The reaction is generally regioselective with the major pyrrole isomer 
from the monosubstituted miinchnones having adjacent hydrogens, irrespective of 
the miinchnone substituent. With the disubstituted miinchnones the major regio- 
isomer is derived from attachment of C(4) of the miinchnone and the P-carbon of 
the alkyne, except for phenylacetylene, which shows the opposite regiochemistry. 
The authors interpret this behavior as a consequence of the electron-rich nature of 
phenylacetylene as a dipolarophile and having a larger LUMO coefficient on the 
a-carbon. Gribble et al. (80) observed the same behavior with Wbenzylmiinchnones 
147 and 150 to give pyrroles 148 and 149, respectively, in a highly regioselective 
fashion (Scheme 10.25). 
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I 

Bn 

(147) 



Ph Ph 




(148) (>98%) (149) (<2%) 




I 



Bn 

(150) 



Ph Ph 




(149) (100%) (148) (0%) 



Scheme 10.25 



Coppola et al. (81) extensively studied the dipolar cycloaddition of methyl 
propiolate with unsymmetrical miinchnones. In addition to their own results 
(Table 10.3), these investigators summarized much previous data on these cycload- 
ditions. In the authors’ words: “No single criterion can successfully he used to 
correlate the experimental observations regarding the regioselectivity in mtinch- 
none cycloaddition reactions.” Steric and electronic effects must be considered in 



TABLE 10.3. 1,3-DIPOLAR CYCLOADDITION REACTIONS OF IN SITU GENERATED 
MUNCHNONES AND METHYL PROPIOLATE" 



R2 




Me 



^ C02Me 










% Regiochemistry 


r‘ 


R^ 


Yield (%) 


%153 


%154 


i-Pr 


H 


56 


57 


43 


H 


(■-Pr 


92 


25 


75 


Me 


(■-Pr 


88 


67 


33 


!-Pr 


Me 


84 


23 


77 


Me 


Et 


64 


55 


45 


I-Bu 


H 


53 


67 


33 


Bn 


H 


95 


83 


17 


H 


Bn 


91 


16 


84 



Reference (81). 
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analyzing these cycloadditions. One revealing result from this study is the use 
of C(13) labeled miinchnones 151 and 152 , which essentially exhibit no regio- 
chemical bias in reacting with methyl propiolate. These workers have also 
examined the influence of thio-substitution on the cycloaddition of miinchnones 
with methyl propiolate (81). The results are consistent with an unsymmetrical 
transition state where bond formation between the two least encumbered positions 
occurs first. 



,0 



Me 






- C02Me 



COzMe 



N 
Me 
(151) 



Me 



Me 



Ay 



N 

Me 



i^Me 



53 




13 



Me 




I 



Me 

(152) 




Coppola et al. (82) reexamined the reaction of miinchnone 155 , derived from 
Ai-formylproline, with methyl propiolate (Scheme 10.26). In contrast to an earlier 
study that reported complete regioselectivity (83), the present work found both 
regioisomers 156 and 157 in this reaction, with 156 predominating. 




(156a) R = Me (85%) 
(156b) R = Et (87%) 
(156c) R = l-Bu (91%) 



(157a) R = Me (15%) 
(157b) R = Et (13%) 
(157c) R = f-Bu (9%) 



Scheme 10.26 
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Despite the uncertainties regarding regiochemistry, the reaction of propiolates 
with miinchnones has found use in synthesis. Kane and co-workers (84) synthesized 
the calcium channel activator FPL 64176 ( 161 ) using a miinchnone cycloaddition 
protocol. Thus, reaction of amino acid 158 with acetic anhydride in the presence of 
acetylenic dipolarophile 159 gave pyrrole 160 in 49% yield. Base-induced elim- 
ination of the 4-nitrophenethyl protecting group afforded FPL 64176 ( 161 ) in 85% 
yield. 




DBU = l,8-diazabicyclo[5.4.0]undec-7-ene 

( 160 ) 



Similar to the work of Anderson et al. (67,68) described above and in 
continuation of their proline-derived miinchnone generation and DMAD trapping 
(71) ( 116 ^ 117 ), Laduree et al. (85) also utilized the reaction between the 
miinchnones derived from cyclic N-acylamino acids and DMAD to prepare a 
series of potential new antileukemic agents derived from the pyrrole cycloadducts. 
La Rosa and co-workers (86) find that miinchnones react with arylsulfonyl alkynes 
to furnish 3-arylsulfonyl pyrroles in good yields. In the case of unsymmetrical 
miinchnones, good regioselectivity is observed. The pyrroles were identified using 
two-dimensional (2D) NMR techniques. The regioselectivity is explained in terms 
of a preferred highest occupied molecular orbital (HOMO)-munchnone-LUMO- 
alkyne interaction, which is one of the few cases where FMO theory is satisfactory 
in explaining the regiochemistry of miinchnone 1,3-dipolar cycloadditions. Intra- 
molecular 1,3-dipolar cycloadditions represent a powerful synthetic tool. Kato et al. 
(87) were apparently the first to report an intramolecular miinchnone-alkyne 
cycloaddition. Thus, miinchnones 163 , as generated from M-acylamino acids 162 , 
yield the corresponding benzopyrano[4,3-i>]pyrroles 165 after extrusion of carbon 
dioxide from adduct 164 (Scheme 10.27). Interestingly, attempts to divert the 
intramolecular cycloaddition by the addition of A-phenylmaleimide had no effect 
on the reaction pathway. 
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(162a) R = Ph 
(162b) R = Me 
(162c) R = H 





-CO2 




(165a) R = Ph (96%) 
(165b) R = Me (92%) 
(165c) R = H (85%) 



Scheme 10.27 



Sainsbury et al. (88) utilized the intramolecular 1,3-dipolar cycloaddition of 
tetrahydroquinolines 166 to construct ll-acetoxycarbonyl-l,2,3,4,5,10-hexahy- 
droindeno[2,3-fl]isoquinoline ( 167 ). The presence of an ester functionality on the 
alkyne is essential for the cycloaddition to occur. With one less methylene group in 
the tether, the yield of the corresponding pentaleno[2,3-a]isoquinoline is 37%. 




Pinho e Melo et al. (89) employed an intramolecular miinchnone cycloaddition 
to construct several 17/-pyrrolo[l,2-c]thiazole derivatives from N-acylthiazolidines 
and acetic anhydride. Martinelli and co-workers (90,91) employed an intramole- 
cular miinchnone cycloaddition to craft a series of 4-keto-4,5,6,7-tetrahydroindoles 
( 168 - 171 ) in two steps. The requisite acetylenic precursors were prepared from 
glutaric anhydride (or 3-methylglutaric anhydride). The overall sequence is illu- 
strated for the synthesis of 168 . An electrophilic acetylenic unit appears to be 
necessary for successful intramolecular 1,3-dipolar cycloaddition. 
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TMS = tetramethylsilyl 



Jursic (92) studied the cycloaddition reaction of a miinchnone with acetylene 
from several theoretical standpoints using density functional theory on AMI 
geometries. The predicted activation energy for the 1,3-dipolar cycloaddition is 
1 1.49 kcal/mol and the elimination of carbon dioxide from the cycloadduct to give 
a pyrrole is 5.82 kcal/mol. Both reactions are extremely exothermic as observed 
experimentally. 

The 1,3-dipolar cycloaddition reactions of miinchnones with olefinic dipolar- 
ophiles continues to be of enormous interest with regard to both mechanisms and 
synthetic applications. Unlike the comparable cycloadditions with acetylenic 
dipolarophiles that yield only pyrroles, reactions of miinchnones with olefinic 
dipolarophiles can lead to a variety of interesting products. Nan’ya et al. (93,94) 
reexamined the double cycloaddition of miinchnone 38 with 2 equiv of several 
maleimides (172) to give cycloadducts 173 and 174 (Scheme 10.28). Whereas 
A-phenylmaleimide (172a) gives only the exo,endo adduct 173a (75%), A-methyl- 
maleimide (172b) yields a mixture of exo,endo adduct 173b (50%) and exo,exo 
adduct 174b (22%). Similarly, maleimide (172c) itself affords exo,endo adduct 
173c (44%) and exo,exo adduct 174c (22%). Huisgen and co-workers (95,96) had 
earlier reported that miinchnone 38 and Ai-phenylmaleimide (172a) gave the 
exo,exo adduct 174 (R=Ph). 

Nan’ya et al. (97) also reported the synthesis of isoindolediones by the reaction 
of miinchnones with 1,4-benzoquinones. Reactions with an unsymmetrical miinch- 
none were not regioselective. Several groups have examined the reactions of 
miinchnones with unsaturated nitriles, including 2-chloroacrylonitrile (98), cinna- 
monitrile (78,99) and fumaronitrile (78) to give unexpected products in several 
cases. Eguchi and co-workers (100) studied the cycloaddition of several miinch- 
nones with electron-deficient trifluoromethylated olefins. Thus, miinchnones 176 
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CHCI 3 
Et 3 N rt 

(or DMF, 140 °C) 



(172a) R = Ph 
(172b) R = Me 
(172c) R = H 




(173a) R = Ph (75%) 
(173b) R = Me (50%) 
(173c) R = H (44%) 



(174b) R = Me (22%) 
(174c) R = H (22%) 



Scheme 10.28 



react with alkenes 177 to give the corresponding 3-(trifluoromethyl)pyrroles 178. 
Yields of pyrroles from alkene 177a are higher (56-89%) than those from alkene 
177b (9-33%). The regiochemistry in 178 was easily established hy spin-spin 
coupling between the CF 3 group and the C-5H in the proton NMR (*H NMR) 
spectrum. 




(175a) R‘ = Me, R^ = Ph 
(175b) R' = Ph, r 2 = Me 
(175c) R‘ = r 2 = Ph 




(176a-c) 




Gelmi and co-workers (101) found that vinyl phosphonium salts serve as alkyne 
synthetic equivalents in reacting with miinchnones to give pyrroles. The miinch- 
nones were generated in the usual way in situ by cyclodehydration of the 
corresponding N-acylamino acids with acetic anhydride. In the case of 1-propenyl- 
triphenylphosphonium bromide, a single regioisomer was obtained. The regio- 
chemistry apparently obtains from a strong interaction between the phosphonium 
group and the carbonyl group, which overwhelms the simple polarization of the 
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TABLE 10.4. 1,3-DIPOLAR CYCLOADDITION REACTIONS OF MUNCHNONES AND METHY- 
LENE TRIAZOLES ^ 




r‘ 


R^ 


R^ 


R" 


R^ 


% Yield 181* 


% Yield 182 


Ph 


Me 


Ph 


CF 3 


H 


10 


65 


Ph 


Me 


4-MeO-Ph 


CF 3 


H 




68 


Ph 


Me 


2-Cl-Ph 


CF 3 


H 




81 


4-MeO-Ph 


Me 


4-MeO-Ph 


CF 3 


H 




69 


Ph 


Et 


Ph 


CF 3 


H 




68 


Ph 


Ph 


Ph 


H 


NO 2 




89 


4-MeO-Ph 


Me 


Ph 


CF 3 


H 




52 


Ph 


Me 


Me 


H 


NO 2 




78 


Me 


Me 


Ph 


H 


NO 2 


23 


45 



“Reference 102. 

* In most cases, the imine 181 was not isolated but directly converted to 182. 



vinyl group. This group also found that azlactones react with vinyl phospho- 
sphonium salts to give N-unsuhstituted pyrroles. 

Erba et al. (102) observed a novel formation of pyrrole imines 181 from the 1,3- 
dipolar cycloaddition of miinchnones 179 and 5-amino- 1 -aryl-4, 5-dihydro-4- 
methylene- 1,2,3-triazoles 180 (Table 10.4). Treatment with benzaldehyde yielded 
3-formylpyrroles ( 182 ). The reaction presumably involves loss of carbon dioxide, 
nitrogen, and morpholine from the initial cycloadduct. Unsymmetrical miinchnones 
behave regioselectively and furnish products derived from bonding between C(2) of 
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the miinchnone and the methylene terminus of 180 . This study also featured the 
synthesis of several new mtinchnones. 

This same Milan group (103,104) described the reactions of mtinchnones with 4- 
methylene-4,5-dihydroisoxazoles 183 to give cycloadducts 184 , and with benzyli- 
deneisoxazolones 185 to give cycloadducts 186 as a mixture of isomers 
(Scheme 10.29). The latter undergo facile loss of benzonitrile to afford pyrroles 
187 . This transformation, which also results in the interconversion of the isomeric 
186 , involves ring opening to a zwitterionic species. The spiro compounds are 
isomeric at the spiro center and also exist as a mixture of regioisomers. 

Clerici and co-workers (105,106) investigated the behavior of mtinchnones 
with an isothiazole 1,1 -dioxide and a vinylisothiazole 1,1 -dioxide. The initial 




Ar = Ph, 4-Cl-Ph, 4-MeO-Ph, 4-N02-Ph 




r 2 Ph 




R‘ = Ph, Me, 4-Cl-Ph, 4-MeO-Ph 

= Ph, Me, 4-Cl-Ph, 4-MeO-Ph, 4-Me-Ph 
Ar = Ph, 4-N02-Ph, 4-i-Pr-Ph, 4-Me-Ph, 2-thienyl 



-PhCN 




Scheme 10.29 
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cycloadducts are converted to pyrroles on heating. An example of the latter 
transformation is shown in 188 ^ 189 . 




Ar 



217 °C 



-SO 2 

-Et2NCN 




Ar = 4-MeO-Ph 



(189) 



The ability of the nitro group to serve both as a powerful electron-withdrawing 
and leaving group in the form of nitrous acid has led to its employment in 
miinchnone cycloaddition chemistry. Thus, Jimenez and co-workers (107,108) 
studied the reaction of miinchnone 190 with sugar derivatives 191 and 192 . These 
nitroalkenes react in a highly regioselective fashion to give pyrroles 193 and 194 in 
69 and 65% yield, respectively. Deacylation and periodate cleavage afford pyrrole 
aldehyde 195 . A series of nuclear Overhauser effect (NOE) experiments established 
the structure of 195 and the regioselectivity of the cycloaddition reaction. This 
cycloaddition, like many involving miinchnones, is opposite to that predicted by 
FMO theory. However, the authors carried out an ab initio MO (MP2/6-31B) 
calculation on a simpler system, the results of which do agree with experimental 
observation. Furthermore, from these calculations the authors conclude that this 
1,3-dipolar cycloaddition of a miinchnone and a nitroalkene is concerted but 
slightly asynchronous. 



NO2 




-R^ 

-H 

-ri 

-OAc 



OAc 



AC2O 



rt 



(191) R' = H, r 2 = OAc 

(192) R' = OAc, r2 = H 



OHC 

l.NaOMe 

Ph 2. NaI 04 Ar 

Me 




Ph 



Ar = 4 -NO 2 -PI 1 



(193) R‘ = H, r 2 = OAc 

(194) R' = OAc, r2 = H 



( 195 ) 
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(150) (148) (90%) (149) (10%) 

Scheme 10.30 



Gribble et al. (80) also observed apparent anti-FMO regiochemistry in the 
dipolar cycloadditions of miinchnones 147 and 150 with P-nitrostyrene to give 
pyrroles 148 and 149 (Scheme 10.30). The isomers were distinguished by NMR and 
NOE experiments. 

The idea of employing the reaction of a nitroarene or nitroheterocycle with 
a miinchnone to synthesize a fused pyrrole ring system has been developed by 
two groups. Nesi et al. (109) found that miinchnone 38 reacts with 3-methyl-4- 
nitroisoxazole ( 196 ) and 4-nitro-3-phenylisoxazole ( 197 ) to give the correspond- 
ing 5//-pyrrolo[3,4-t/]isoxazoles 198 and 199 , respectively, in good yield. Presum- 
ably loss of carbon dioxide in a retro-Diels-Alder reaction follows loss of nitrous 
acid. 




(38) (196) R = Me (198) R = Me (52%) 

(197) R = Ph (199) R = Ph (69%) 



Gribble et al. (110,111) found that miinchnones react smoothly with 2- and 3- 
nitroindoles to afford pyrrolo[3,4-/7]indoles 200 and 201 (Table 10.5). In the case of 
unsymmetrical miinchnones the regiochemistry, which can be very clean, does not 
follow simple FMO theory and probably results from a combination of electronic, 
steric, and dipole interactions. The structures of regioisomers were established 
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TABLE 10.5. 1,3-DIPOLAR CYCLOADDITION REACTIONS OF IN SITU GENERATED 
MUNCHNONES AND 2- AND 3-NITROINDOLES “ 




r‘ 


R^ 


R^ 


NO2 


Yield (%) 


Regiochemistry 

% 200 % 201 


Reference 


Ph 


Ph 


C02E1 


2 


94 






110 


Ph 


Ph 


C02E1 


3 


60 






110 


Me 


Me 


C02E1 


2 


53 






110 


Me 


Me 


C02E1 


3 


39 






110 


Ph 


Ph 


S02Ph 


2 


76 






110 


Ph 


Ph 


S02Ph 


3 


65 






no 


Me 


Me 


S02Ph 


2 


17 






110 


Me 


Me 


S02Ph 


3 


67 






no 


Ph 


Me 


C02E1 


2 


85 


10 


90 


111 


Me 


Ph 


C02E1 


2 


88 


10 


90 


111 


Ph 


Me 


C02E1 


3 


65 


95-100 


0-5 


111 


Me 


Ph 


C02E1 


3 


89 


40-50 


50-60 


111 


Ph 


Me 


S02Ph 


3 


74 


94-100 


0-6 


111 


Me 


Ph 


S02Ph 


3 


76 


10-30 


70-90 


111 


Me 


Ph 


Me 


3 


<1%^ 






111 



“Munchnones were generated from the corresponding N-acylamino acids using DIPC in refluxing THE. 
^References (110) and (111). 

“^Reflux in diglyme for 24 h. 



using a combination of NOE techniques, independent synthesis, and X-ray 
crystallography. This novel pyrrole annulation reaction was also employed to 
synthesize benzo[/7]furo[2,3-c]pyrroles and benzo[i>]thieno[2,3-c]pyrroles (110). 

The higher reactivity of ring-strained olefins has been exploited by several 
workers in 1,3-dipolar cycloaddition reactions of mtinchnones. Thus, Kato and 
co-workers (112) reported that mtinchnone 38 reacts with 1,2,3-triphenyl- 1//- 
phosphirene ( 202 ) to give l-methyl-2,3,4,5-tetraphenylpyrrole ( 203 ) (45% yield). 
Control experiments demonstrated that phosphirene 202 does not decompose to 
diphenylacetylene appreciably under the reaction conditions. Moreover, the reac- 
tion of diphenylacetylene and mtinchnone 38 afforded only a 21% yield of 
pyrrole 203 . 
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Me 

( 203 ) 

Unfortunately, this same group found that miinchnone 38 gave only complex 
product mixtures upon reaction with benzocyclopropene, in an unsuccessful attempt 
to synthesize a methanoazonine (113). As is presented later, a similar reaction was 
successful with an isomiinchnone. Likewise, Kato et al. (114) were unable to induce 
miinchnones 38 and 190 to react cleanly with benzocyclobutadiene. 

Martin et al. (115) found that miinchnone 38 reacts with isopropylidenecyclo- 
butenone (204) to form dihydroazepine 205. At room temperature the two 
bis(adducts) 206 and 207 were isolated, although the regiochemistry of the 
cycloaddition has not been established. 





( 206 ) (20%) (exo, endo) ( 207 ) (4%) (exo,exo) 
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ArCH2CH(NH2)C02H 



( 208 ) 







Maryanoff et al. ( 116 ) studied of the reaction of 1 ,2-dicyanocyclobutene ( 209 ) 
with miinchnones, and they find that 3-(4-chlorophenyl)alanine ( 208 ) reacts with 

210 in the presence of acetic anhydride to give imino acid 211 (Scheme 10.31). 
Esterification of 211 afforded ester 214 , whose structure was confirmed by X-ray 
crystallography. Further heating of 211 yielded the originally expected dihydroa- 
zepine 213 . The isolation of acid 211 suggests that decarboxylation of the 
miinchnone primary adducts need not be concerted. Maryanoff and Turchi (117) 
pursued a detailed theoretical study of the reaction between 1,2-dicyanocyclobutene 
( 209 ) and miinchnone 210 . The results from these AMI molecular orbital calcula- 
tions led to the conclusions that the transition state leading to the exo cycloadduct 

211 is favored electrostatically and that azomethine ylide 212 is a discrete 
intermediate in the formation of dihydroazepine 213 . 

Turchi (118) also reported cycloaddition reactions between miinchnones 215 and 
209 to afford dihydroazepine 216 in high yield. Further cyclization of 216 gave 
tricycle 217 . Fikewise, diester 218 reacts with miinchnone 38 to give dihydroaze- 
pine 219 . 

Kato et al. (119) explored reactions of fulvenes with a variety of mesoionic 
heterocycles. Unfortunately, reactions of miinchnone 38 with several fulvenes 
afforded complex mixtures in each case, and no identifiable products were reported, 
although Friedrichsen and co-workers (120-122) previously reported the reaction 
between miinchnones and fulvenes to give cycloadducts. Kato et al. (123) also 
studied the cycloaddition reactions of tropone with several mesoionic heterocycles. 
Despite heroic efforts, the reaction of tropone with miinchnone 38 was complex and 
could not be unraveled. However, as described later, the reaction of tropone with 
isomiinchnones was successful. Wu et al. (124) effected the cycloaddition between 
a miinchnone and fullerene-60 (Ceo) to give the corresponding dihydropyrrole in 
excellent yield. 
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(38) 



(218) 



Ph 

(219) 



Gribble et al. (125) found that miinchnones 38 and 220 react in a novel tandem 
fashion with 1,5-cyclooctadiene (221) to give the caged compounds, 10-methyl- 
(222a) and 1 0-henzyl-9, 1 0-diphenyl- 1 0-azatetracyclo [6 . 3 .0.0.^’ ' * 0^’^] undecane 
(222b). The latter compound was characterized hy X-ray crystallography. A similar 
reaction of miinchnone 220 with 1,3,5,7-cyclooctatetraene afforded the correspond- 
ing cycloadduct in low yield, the photolysis of which gave azahomopentaprismane 
in good yield. 




I 

R 

(38) R = Me 
(220) R = Bn 



150 ”C 
-CO2 

(221) 



N 







(222a) R = Me (57%) 
(222b) R = Bn (74%) 




Padwa et al. (126) applied the intramolecular miinchnone-olefin cycloaddition 
reaction to craft a series of novel caged compounds 224 and 225. Whereas the 
alanine-derived miinchnone from 223a affords only 224a, the 2-phenylglycine- 
derived miinchnone from 223b gives 225 as the major regioisomer. Cyclization of 
the miinchnones derived from glycine derivatives is also highly regioselective to 
afford the expected cycloadducts. 
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Kawase (127,128) reexamined the reaction of miinchnones with oxygen. Not 
only is this a powerful method for the synthesis of imides, but, based on 
labeling experiments, the mechanism of this autoxidation is different from that 
originally proposed by Huisgen and co-workers (129). This reaction is particularly 
useful for the preparation of tetrahydroisoquinolones and tetrahydrocarbolones. 

The father of mtinchnone chemistry, Rolf Huisgen, reported (130) the 1,3- 
dipolar cycloaddition of mtinchnone 38 with p-nitrophenyldiazonium salt 226 to 
give the triazolium salt 227 . This reaction would appear to be an important new 
route to these heterocycles. 




(227) 



Ferraccioli and co-workers (131,132) employed the reaction of miinchnones 
with N-(phenylsulfonyl)imines as a general synthesis of imidazoles ( 228 ) 
(Table 10.6). Regioselectivity is very high and was determined using NOE mea- 
surements. The authors utilize the perturbation MO treatment, which is less app- 
roximate than the FMO method, to predict correctly the observed regiochemistry. 

Bilodeau and Cunningham (133) effected the solid-phase synthesis of a series of 
imidazoles via mtinchnone generation and trapping regioselectively with N-tosy- 
limines. Hamper et al. (134) employed a solid-phase protocol for the generation of a 
large library of 5-(trifluoroacetyl)imidazoles (200 compounds) using the reaction 
between miinchnones and benzamidines. Dalla Croce and co-workers (135) 
pursued the chemistry of unsaturated N-(phenylsulfonyl)imines and mtinchnone 
38 . While the major products are imidazoles, pyrroles and amides also are formed 
in this reaction. This same group (136) generated various bicyclic miinchnones and 
trapped them with imines to afford either imidazoles or spirocyclic (3-lactams 
depending on conditions, although mixtures are produced and yields of the 
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TABLE 10.6. 1,3-DIPOLAR CYCLOADDITION REACTIONS OF IN SITU GENERATED 
MUNCHNONES “ AND N-(PHENYLSULFONYL)IMINES '' 



R2 




Me 



+ R3CH=NS02Ph 



-CO 2 

-PhSOz" 



R^ 



R^ 




^ \' 
N 
Me 



R‘ 



(228) 



r‘ 


R^ 


R^ 


% Yield 228 


Ph 


Ph 


Ph 


64 


Me 


Ph 


Ph 


29 


Ph 


Me 


Ph 


40 


Ph 


Ph 


H 


20 


Ph 


Ph 


4-N02-Ph 


65 


Me 


Ph 


4-N02-Ph 


50 


Ph 


Me 


4-N02-Ph 


30 


Ph 


Ph 


4-MeO-Ph 


45 


Me 


Ph 


4-MeO-Ph 


55 


Ph 


Me 


4-MeO-Ph 


42 



“The munchnones were generated in situ by the cyclodehydration of their N-acylamino acid precursors 
with DCC in toluene (25-60 °C). 

* Reference (131). 



p-lactams are invariably low. The latter can arise by nucleophilic attack on the 
rniinchnone itself or on the ring-opened ketene tautomer. Storr and co-workers 
(137) employed the cycloaddition of munchnones 230 and 231 with 2-phenylben- 
zazete ( 229 ) to craft 3/7- 1,3-benzodiazepines 232 and 233 . Upon heating and 
subsequent hydrolysis these benzodiazepines undergo conversion to 2,3-diarylin- 
doles 236 and 237 , as summarized in Scheme 10.32. The observed regiochemistry 
is consistent with that seen with other electron-deficient dipolarophiles. 

Rodriguez et al. (138) found that munchnones react with nitrosobenzene in hot 
xylene to give N-benzoyl-N'-phenylbenzamidines. At room temperature the inter- 
mediate oxadiazolines can be isolated. 

Apparently independently, Markl et al. (139) and Regitz and co-workers 
(140-142) discovered that 1,3-dipolar cycloaddition reactions of munchnones and 
phosphaalkenes or phosphaalkynes provide a direct synthesis of 1,3-azaphospholes 
( 240 ) (Table 10.7). The intermediate cycloadducts cannot be isolated. The various 
phosphaalkynes were generated from phosphaalkenes or, in the case of methyli- 
dynephosphane ( 239 , R"^ = H), by flash vacuum pyrolysis of either 239 (R^=t-Bu) 
or dichloromethylphosphine. 

Munchnones can undergo ring opening to ketene tautomers, which can then 
engage in chemistry. A few examples of this pathway have been described since the 
reviews by Potts (1) and Gingrich and Baum (10). For example, munchnones react 
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TABLE 10.7. 1,3-DIPOLAR CYCLOADDITION REACTIONS OF MUNCHNONES 
AND PHOSPHAALKYNES 




R^(TMS)C=PC1 (238) 
or 

r4 (239) 






R- 




//\ 

n' 

I 

R2 

(240) 



R' 



Dipolarophile 


r‘ 


R^ 


R^ 


R-* 


% Yield 240 


Reference 


238 


Ph 


Ph 


Ph 


Ph 


50 


139 


238 


4-Cl-Ph 


Ph 


Ph 


Ph 


40 


139 


238 


4-MeO-Ph 


Ph 


Ph 


Ph 


43 


139 


238 


Ph 


Me 


Ph 


Ph 


33 


139 


238 


4-MeO-Ph 


Me 


Ph 


Ph 


55 


139 


239 


Ph 


Me 


Ph 


I-Bu 


63 


140 


239 


Ph 


Me 


Ph 


H 


23 


141 


239 


Ph 


Me 


Ph 


Mes" 


46 


142 



“ Mesityl = Mes. 



with unsaturated imines to give P-lactams (135), and Regitz and co-workers (143) 
found that the stable 2,3,4-tri-tcrf-butylazete reacts with miinchnone 38 to afford a 
mixture of unseparable (E) and (Z) isomers of oxaazabicyclo[2.2.0]hexenes. 

In a series of papers, Laude and co-workers (144-149) examined 1,3-dipolar 
cycloaddition reactions of miinchnone imines derived from Reissert compounds. 
For example, miinchnone imine 241 undergoes a smooth intramolecular 1,3-dipolar 
cycloaddition with the tethered alkyne unit to afford pyrrole 242 after extrusion of 
HNCO (144). 





This French group (145) has also been able to divert the usual Diels-Alder 
cycloaddition pathway of Reissert salts with olefinic esters to a 1,3-dipolar 
cycloaddition pathway by the addition of triethyl amine. In addition, miinchnone 
imine 243 can be trapped with dipolarophiles to furnish 244 (146). No Diels-Alder 
cycloadducts derived from the oxazolium salt were detected. In contrast, fumarate 
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(232) R' = 4-Me-Ph, = Ph (47%) 

(233) R‘ = Ph, r 2 = 4-Me-Ph (44%) 




(234) R‘ = 4-Me-Ph, R^ = Ph (92%) (236) R* = 4-Me-Ph 

(235) R‘ = Ph, r 2 = 4-Me-Ph (88%) (237) R* = Ph (83%) 

Scheme 10.32 

and acrylate esters give only Diels-Alder cycloadducts from the tautomeric 
oxazolium salt. Also, benzoquinones and 1,4-naphthoquinone react in a 1,3-dipolar 
fashion with miinchnone imines derived from Reissert compounds (147). 




Ar = 4-N02-Ph 




(244a) R = C02Me (26%) 
(244b) R = H (65%) 



In a reinvestigation of earlier work hy McEwen et al. (150), Laude and co- 
workers (148,149) showed that the product from the reaction between miinchnone 
imine 245 and several acrylates affords 2-pyridones (e.g., 248 ) and not a 
3-carboethoxypyrrole as originally claimed. Thus, once again, a 1,3-dipolar 
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(51a) (249) (250) 



Kato et al. (123) also found that isomiinchnone 51a reacts with tropone (251) to 
afford 252, which is apparently the first example of a [47t+67t] cycloadduct 
involving both a mesoionic heterocycle and a carbonyl ylide (Scheme 10.34). 
The one-pot reaction of 253 gave 252 in somewhat higher yield. Whereas heating 
the latter in bromobenzene affords o-benzoylmandelanilide (69%), heating 252 in 
refluxing toluene in the presence of DMAD leads to furan 254. 

Kato et al. (151,152) explored the chemistry of 2-tert-butylfulvenes with 
isomtinchnones, as well as with several other mesoionic compounds, in a novel 
approach to pseudo-hetero-azulenes. Thus, isomiinchnone 51a, generated as before 
in situ from Wbenzoylphenylglyoxyanilide 253 with triethylphosphite, reacts with 
2-tcrf-butyl-6-(dimethylamino)fulvene to give the [47t+67i] adduct diphenylcyclo- 
penta[c]pyran in low yield. Likewise, reaction of 51a with dimethylfulvene gave a 
mixture of two adducts, one of which arises from a [47t-|-27t] cycloaddition. 

Regitz and co-workers (143) found that 2,3,4-tri-fe/-t-butylazete reacts with 
isomtinchnones to give relatively labile cycloadducts. This group (153) has 
employed the cycloaddition of isomtinchnones 256 with phosphaalkynes 257 to 
prepare 1,3-oxaphospholes 258 (Scheme 10.35). This sequence is clearly the 
method of choice for the synthesis of the relatively little investigated 1,3-oxaphosp- 
holes. The presumed bicyclic intermediates could not be detected by NMR. 




(254) 

Scheme 10.34 
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o 

p'h 



O O 




OR^ 



N2 



Rti2(OAc)4 

tol, 110 °C 
42-49% 




CO,R^ 



(255) 



(256) 



P^^r3(257) 



THF, 120°C r1 
72-89% 




R* = Ph, 4-Me-Ph, 4-Et-Ph, mesityl, 
1 - and 2-naphthyl, 4-MeO-Ph 
r 2 = Me, Et 

R^ = /-Bu, t-pentyl (one example) 



(258) 



Scheme 10.35 



Padwa and his co-workers have been the consummate practitioners of the 
rhodium(II)-catalyzed decomposition of a-diazo carbonyl compounds leading to 
isomtinchnones and their subsequent 1,3-dipolar cycloaddition reactions. Padwa 
and Hertzog (154) described intermolecular cycloaddition reactions of isomtinch- 
nones with both electron-rich and -deficient dipolarophiles. The resulting regio- 
chemistry is in accord with FMO theory. Diazo imide 259 is readily prepared from 
2-pyrrolidinone and under the usual conditions it reacts via 260 with A^-phenylma- 
leimide to give the expected cycloadducts (86% yield; endolexo, 2.4:1), and also 
with DMAD to give a furan following ring opening. Interestingly, isomiinchnone 
260 could not be generated from chloroacetyl lactam 54 (n = 3) as described earlier 
(Scheme 10.7). 

O 

3 steps 



(259) (260) 

Whereas 260 does not react with electron-rich dipolarophiles, the more deloca- 
lized isomiinchnone 261 does react with both electron-rich and -deficient dipolar- 
ophiles (154). A detailed FMO analysis is consistent with these observations and 
with the regiochemistry exhibited by diethyl ketene acetal and methyl vinyl ketone 
as shown in Scheme 10.36. The reaction of 261 with the ketene acetal to give 262 is 
LUMO-dipole HOMO-dipolarophile controlled (so-called Type III process). In 
contrast, the reaction of 261 with methyl vinyl ketone to give 263 is HOMO-dipole 
LUMO-dipolarophile controlled (so-called Type 1 process). In competition experi- 
ments using a mixture of A-phenylmaleimide and ketene acetal only a cycloadduct 
from the former was isolated. This result is consistent with a smaller energy gap for 
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Scheme 10.36 



this Type I process than for the Type III reaction (A£=7.05 vs 8.69 eV). The 
difference in reactivity between isorniinchnones 260 and 261 is also manifest in 
their behavior with methyl propiolate. 

In a careful study of rhodium catalysts for the decomposition of a-diazo imides, 
Padwa and co-workers (155,156) found that perfluorinated ligands greatly favor 
isomtinchnone formation, whereas acetate leads to the generation of a six-mem- 
bered carbonyl ylide. These catalysts include rhodium perfluorobutyroamidate 
[Rh 2 (pfm) 4 ], rhodium perfluorobutyrate [Rh 2 (pfb) 4 ], and rhodium trifluoroacetate 
[Rh 2 (tfa) 4 ], but not rhodium acetate. The mechanistic basis for this dramatic ligand 
effect is not understood. Interestingly, the addition of the strong Lewis acid 
Sc(OTf )3 to the Rh 2 (OAc )4 reaction mixture diverts the pathway to an isomtinch- 
none mode. Padwa and Prein (157) have also presented an extensive experimental 
and theoretical study of the 1,3-dipolar cycloaddition reactions of isorniinchnones 
with olelinic dipolarophiles, and Wudl, Padwa, and their co-workers (158) find that 
several isorniinchnones react with Cgo reversibly to form the expected cycloadducts. 
These workers suggest that such cycloadducts could function of isomtinchnone 
repositories, since heating them in the presence NPM affords Ceo and the known 
isomiinchnone-NPM cycloadducts. 

The dipolar cycloaddition chemistry of isorniinchnones is a powerful and concise 
route to polycyclic azaheterocycles, and Padwa has been the pioneer in this effort. 
Sheehan and Padwa (159) employed the rhodium-catalyzed isomtinchnone gene- 
ration and subsequent trapping to a synthesis of 2-pyridones and the alkaloid 
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Scheme 10.37 



(±)-ipalbidine. Expansion of this protocol led to the synthesis of several other 
highly substituted 2-pyridones (160,161). For example, the angiotensin converting 
enzyme inhibitor (— )-A58365A ( 265 ) was synthesized using this protocol 
(Scheme 10.37). The appropriate selection of starting materials allowed for the 
synthesis of the indolizidine alkaloids 5-coniceine and a formal synthesis of (±)- 
septicine. 

Padwa and Prein (162) generated several chiral isomiinchnones, using the 
rhodium catalyzed deamination of chiral a-diazo imides, and trapped them with 
various dipolarophiles. 

The best results were obtained with those isomiinchnones derived from pheny- 
lalanine methyl ester, apparently due to 71 -stacking and shielding of one face. This 
work and that of Harwood (see below) represent the first examples of acyclic 
stereocontrol in the 1,3-dipolar cycloaddition reactions of mesoionic heterocycles. 
Isomiinchnones derived from alanine and leucine were less stereocontrolling. The 
results from this study reinforce the notion that the actual 1,3-dipole is an 
isomiinchnone-rhodium carbenoid species and not the free isomiinchnone. Inde- 
pendently, Harwood (163-165) also demonstrated the role of chiral-templated 
isomiinchnones in 1,3-dipolar cycloaddition reactions. Thus, using the rhodium (II)- 
catalyzed decomposition of diazo carbonyl compounds, Harwood and co-workers 
(163) explored cycloadditions of isomiinchnone derivatives of (5R)- and (55)- 
phenyloxazin-2,3-dione. Along with the work of Padwa (see above), these reactions 
appear to represent the first examples of chirally templated isomiinchnone 1,3- 
dipolar cycloadditions. For example, the isomiinchnones derived from diazo imides 
266 react with methyl propiolate to form adducts 267 (164). Diazo imides 266 
(R = C02Et, Ac, H) also react with maleimides and DMAD to afford adducts with 
high endo/exo selectivities and moderate diastereofacial selectivities. Harwood and 
co-workers (165) also found that the isomiinchnones derived from these diazo 
imides react with aromatic aldehydes with excellent diastereofacial- and exo- 
selectivity. 
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(266a) R = C02Et (267a) R = C02Et (65%) 

(266b) R = Ac (267b) R = Ac (70%) 



Kappe et al. (166) employed an isomiinchnone generation-trapping sequence to 
access conformationally restricted dihydropyrimidine derivatives as novel calcium 
channel modulators. For example, the conformationally restricted analogues 269 
were prepared via intramolecular cycloadditions from the isomtinchnones gener- 
ated from a-diazo imides 268. The structures of these cycloadducts were estab- 
lished by X-ray crystallography. 




Me 



(268a) « = 0 
(268b) n = 1 




(269a) n = 0 (92%) 
(269b) n = 1 (88%) 



COzMe 



Kappe (167) investigated the generation and trapping of “aminoisomtinch- 
nones”. Interestingly, when diazoacetylurea (270) is treated with rhodium acetate, 
the ammonium ylide 272 is obtained in good yield (Scheme 10.38). The structure of 
this unanticipated product was established by X-ray crystallography. However, 
when this reaction is performed in the presence of DMAD, then 2-aminofuran (275) 
is isolated, presumably indicating the generation of isomiinchnone 274 via the 
rhodium-carbenoid intermediate 271. The reversibility of the sequence was shown 
by the fact that ylide 272 reacts with DMAD in the presence of rhodium acetate to 
give a small amount (10-15%) of 2-aminofuran (275), presumably via an equili- 
brium concentration of isomiinchnone 271. In a continuation of these observations, 
Padwa et al. (168) examined in depth the rhodium-catalyzed chemistry of a-diazo 
esters leading either to ammonium or carbonyl ylides depending on the reaction 
conditions. 

Gowravaram and Gallop (169) adapted the rhodium-catalyzed generation of 
isomtinchnones from diazo imides to the solid-phase synthesis of furans, following 
a 1,3-dipolar cycloaddition reaction with alkynes. A variety of furans were prepared 
in this fashion. With unsymmetrical electron-deficient alkynes (e.g., methyl 
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Scheme 10.38 



propiolate), the anticipated regiochemistry is observed; that is, HOMO-dipole 
LUMO-dipolarophile, as seen previously. Independently, Austin and co-workers 
(170,171) also adopted the isorniinchnone generation and trapping protocol to the 
solid-phase synthesis of furans. Model studies revealed that rhodium perfluorobu- 
tyroamidate [Rh 2 (pfm) 4 ] afforded none of a heptatriene byproduct, which forms via 
a tandem cyclopropanation-Cope rearrangement. Moreover, this catalyst is more 
soluble in organic solvents than is rhodium trifluoroacetate. This same group (172) 
found that isomiinchnones react with electron-rich enol ethers to give the corre- 
sponding cycloadducts in high yield. In each case a single diastereomer is isolated. 
The authors conclude that similar FMO energetics obtain for both electron-rich 
and -deficient dipolarophiles in their 1,3-dipolar cycloaddition reactions with 
isomiinchnones. 

As Moody and co-workers (173) discovered, isomiinchnones can occasionally 
form even when they are not the desired product! Thus, these workers inadvertently 
obtained an oxazolidinedione via an isorniinchnone rather than the desired oxoindo- 
line when a diazo compound was treated with rhodium(II) perfluorobutyramide in 
their studies leading ultimately to a synthesis of the marine alkaloid convolutamy- 
dine C. 

Hamaguchi and Nagai (174) revised the structures for the 1:1 adduct of various 
mesoionic heterocycles and isocyanates that were originally proposed by Potts et al. 
(175-177). Thus, the acylated isorniinchnone structure 279 is now proposed for the 
reaction product of isorniinchnone 276 and aryl isocyanates and aryl thioisocya- 
nates (Scheme 10.39). Similar acylated isomiinchnones were obtained with ben- 
zoylisocyanate, phenylthioisocyanate, and benzoylthioisocyanate. The NMR 
evidence seems compelling for this revision. 

Although Maier achieved the first intramolecular 1,3-dipolar cycloaddition 
reaction of an isorniinchnone, it has been Padwa who has unleashed the synthetic 
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Scheme 10.39 




Utility of this strategy. Thus, Padwa and co-workers (178,179) found that isolated 
7i-bonds can successfully and efficiently capture the in situ generated isomtinch- 
nones as shown by examples 282 ^ 283 (Scheme 10.40). The indole double bond in 
284 intercepts an isomiinchnone 1,3-dipole to give the single diastereomer 285 , the 
structure of which is confirmed by X-ray crystallography. The initial cycloadducts, 
such as 283 , can be ring opened with acid to A-acyliminium ions that can then 
either deprotonate to an enamide or be reduced to a hydroxy enamide. 

Padwa et al. (180,181) effected intramolecular 1,3-dipolar cycloaddition reac- 
tions of isomiinchnones tethered with other examples of rr-systems. The preferred 
exo cycloaddition mode that is observed experimentally is supported by molecular 
mechanics calculations. In those cases where ring strain prevents an intramolecular 
cycloaddition, the isomiinchnone can nevertheless be intercepted by A-phenylma- 
leimide in an intermolecular reaction. Padwa et al. (182) extended this methodology 
to intramolecular 1,3-dipolar cycloaddition reactions of isomiinchnones to tethered 
heterocycles, and to the synthesis of several alkaloids. Thus, syntheses of vallesa- 
midine (183), erythrinane homologues (184), lycopodine (185), and a clever 
approach to lysergic acid (186) have been described by Padwa and co-workers. 
Although ultimately unsuccessful, the approach to lysergic acid provided much 
interesting chemistry, including several examples of intramolecular isomiinchnone 
1,3-dipolar cycloadditions (186) (Scheme 10.41). The desired cycloaddition reac- 
tion 287 — > 288 proceeded in very high yield. However, the double bond in 289 
could not be isomerized as required for a synthesis of lysergic acid. 
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Scheme 10.41 
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Padwa et al. (187,188) concisely summarized his “domino cycloaddition/ 
A^-acyliminium ion cyclization cascade” process, which involves sequentially the 
generation of an isomiinchnone 1,3-dipole, intramolecular 1,3-dipolar cycloaddi- 
tion reaction, A^-acyliminium ion formation, and, finally, Mannich cyclization. 
Kappe and co-workers (189) utilized Padwa’s cyclization-cycloaddition cascade 
methodology to construct several rigid compounds that mimic the putative receptor- 
bound conformation of dihydropyridine-type calcium channel modulators. 

As mentioned in Section 10.1.2, Padwa and co-workers (40,41) employed the 
Pummerer reaction to generate and trap isomiinchnones. This group (190,191) has 
now adapted the intramolecular version of this tactic to the synthesis of several 
alkaloids of the pyridine, quinolizidine, and clavine classes. In each case, a 2- 
pyridone serves as the keystone intermediate. For example, Kuethe and Padwa 
(190) employed this Pummerer reaction of imidosulfoxides that contain tethered n- 
bonds in a formal synthesis of the frog alkaloid (±)-pumiliotoxin C. They also used 
this methodology to synthesize the azafluorenone alkaloid onychine ( 295 ) 
(Scheme 10.42) (191). Generation of the thionium ion 291 under standard 




ArH2C 

(294) 



Scheme 10.42 



(295) 
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Pummerer reaction conditions was followed by cyclization to isomiinchnone 292 
and hence to cycloadduct 293, which loses water to form a-pyridone 294. 
Subsequent manipulation involving deoxygenation and debenzylation completed 
the synthesis. In similar fashion, the azaanthraquinone alkaloid dielsiquinone was 
synthesized for the first time. Also, the quinolizidine alkaloids (±)-lupinine and 
(zh)-anagyrine, and the ergot alkaloid (±)-costaclavine were synthesized using this 
Pummerer cyclization-cycloaddition cascade of imidosulfoxides and isomtinch- 
nones. 



10.2.3. Sydnones (l,2,3-oxadiazolium-5-olates) 



Since the early review on sydnones hy Stewart (192) and the subsequent cover- 
age by Potts (1), several new applications of these remarkably stable mesoionic 
heterocycles have been described. In particular, the synthesis of pyrazoles from 
sydnones has been pursued by several groups. Badachikar et al. (193) prepared 
several new potential antibacterials (297) from the appropriate sydnones 296, which 
were synthesized in the standard fashion by the cyclodehydration of the corre- 
sponding A-nitroso-A-arylglycine. 




( 296 ) ( 297 ) 



Dumitrascu and co-workers (52) transformed 4-halosydnones into 5-halopyr- 
azoles by cycloaddition with DMAD and methyl propiolate followed by retro- 
Diels-Alder loss of CO 2 . Turnbull and co-workers (194) reported that the 
cycloadditions of 3 -phenyl sydnone with DMAD and diethyl acetylenedicarboxylate 
to form pyrazoles can be achieved in supercritical carbon dioxide. Nan’ya et al. 
(195) studied this sydnone in its reaction with 2-methylbenzoquinone to afford the 
expected isomeric indazole-4,7-diones. Interestingly, Sasaki et al. (196) found that 
3-phenylsydnone effects the conversion of l,4-dihydronaphthalene-l,4-imines to 
isoindoles, presumably by consecutive loss of carbon dioxide and A-phenylpyrazole 
from the primary cycloadduct. Ranganathan et al. (197-199) studied dipolar 
cycloadditions with the sydnone 298 derived from A-nitrosoproline 
(Scheme 10.43). Both acetylenic and olefinic dipolarophiles react with 298. In 
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r‘c=cr^ / \ 

0“ 45 - 92 % 

R\r 2 = Bz, COzMe, Ph N =\ 

r2 

(298) (299) 

Scheme 10.43 

the reaction of 298 with phenylacetylene, the natural product withasomnine 
( 299 ; R^ = Ph, R^ = H) was the minor regioisomer (18%) (198). The reaction 
with 3-phenylpropiolic acid afforded a novel ring-opened product formed via an 
intramolecular redox process (199). 

Markl and Pflaum (200) employed sydnones 300 to construct the unusual 
diazaphospholes 301 . 
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Destro et al. (201) examined the reactions of several sydnones with triazoles to 
give pyrazoles, and the stable bicyclic sydnone 302 has been prepared by Storr and 
co-workers (202). Reaction with DMAD affords the pyrazolothiazole 303 . 



DMAD 

xyl A 
77 % 

(302) (303) 

Although in the reaction with olefinic dipolarophiles the sydnone primary cyclo- 
adduct cannot lead to an aromatic pyrazole upon loss of CO 2 , it can afford a new 
1,3-dipole that can be trapped in a second 1,3-dipolar cycloaddition reaction. Thus, 
Sun (203-205) has shown that maleimides react with sydnones to form bis(adducts) 
304 in excellent yields. Both endo/exo and exo/exo isomers are obtained with the 
latter predominating. The reaction of sydnones with bis(maleimides) affords a 
novel set of polyimides having good thermal stability and solubility (205). Upon 
thermolysis adducts 304 undergo cycloreversion to fused pyrazoles and malei- 
mides, and heating adduct 304 (R' =R^ = R^ = Ph) in the presence of diphenylace- 
tylene gave 1,3,4-triphenylpyrazole (52%) (204). Apparently independently. 



COoMe 







/^C02Me 



N 
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Nan’ya et al. (93,94) also reported the reaction of sydnones with A?-methyl- and N- 
phenylmaleimides. Gribble and Hirth (206) extended the work of Weintraub (207) 
on the tandem dipolar cycloaddition of sydnones with 1,5-cyclooctadiene to afford 
diazatetracycloundecanes 305 . 




R‘ = Ph, Me, H, tol 
= H, Ph, Et 
r 3 = Ph, Pr 




( 305 ) 

R' = Ph, Bn, Me, Ar, 
f-Bu, allyl 
r 2 = H, Ph 



Meier and Heimgartner (208) achieved an intramolecular sydnone-alkene 
cycloaddition to give adduct 306 in 50% yield. Other tether lengths did not so 
react, but photolysis of these other sydnones led to novel fused pyrazoles via 
decarboxylation and subsequent cycloadditions from the subsequent nitrile-imines. 




Vedejs and Wilde (209) reported the reaction of 3-phenylsydnone with thiopi- 
valdehyde to give the ring-opened hydrazone 307 , and Mais et al. (210) studied the 
reactions of sydnones with isopropylidenecyclobutenone to give diazepines such as 
308 . These latter workers present extensive FMO data for sydnones. Triazepines 
309 are formed from the reaction of sydnones and 2,3,4-tri-tert-butylazete (143). 
Photolysis of 309 yields the corresponding 3,4-di-tcrt-butylpyrazoles. 




(307) 
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The versatile fert-butylphosphaalkyne (310) reacts with sydnones 311 to afford 
regioselectively diazaphospholes 312 (140), similar to the behavior observed by 
these workers with miinchnones and similar to 300^ 301 (200). In the case of 311 
(R'=H, R^ = Me) a mixture of regioisomers is obtained. 




(310) (311) 



(312) 



R‘ = H, Me, Ph; = Me, Ph 



In his exhaustive survey of mesoionic cycloaddition reactions, Kato et al. (119) 
examined the behavior of 3-phenylsydnone (300a) with several potential dipolar- 
ophiles. Although the reaction of 300a with some fulvenes was complex or did not 
proceed (119), reactions did occur with 2-tert-butyl-6,6-dimethylfulvene and 2-tert- 
butyl-6-acetoxy (or dimethylamino) fulvene to afford 313 and 314, respectively 
(151,152). Heating a xylene solution of tropone with 300a gave a low yield (10%) 
of cycloadduct 315 (123). The yield was increased to 33% in boiling bromobenzene 
in the presence of cupric acetate. The benzodiazepine 316 was formed in 30% yield 
from 300a and benzocyclobutadiene (114). However, 3-methylsydnone and 
3-methyl-4-phenylsydnone failed to react under these conditions. 




O 




(315) 



^Ph 




(316) 



10.2.4. Thiomiinchnones (l,3-oxathiolium-5-olates) 

The only report involving thiomiinchnones (4), other than that presented in 
Section 10.1.4 (cf. Scheme 10.16), was an unsuccessful reaction between 2-phenyl- 
4-(4-methylphenyl)thiomunchnone and tropone (123). 
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10.2.5. Thioisomiinchnones (l,3-thiazolium-4-olates) 



The generation and study of thioisomiinchnones (5) has been very popular over 
the past decade. Padwa and co-workers (25,61) provided summaries of his work 
and reviews of the work of others in this area. Robert and co-workers have been 
pioneers in the synthesis of thioisomiinchnones (211) and in exploring its cycload- 
dition chemistry (212,213). With olefinic dipolarophiles (maleate, fumarate, acryo- 
nitrile, ethyl vinyl ether) a variety of thioisomiinchnones 317 provide the isolable 
expected cycloadducts (212). With acetylenic dipolarophiles the products are 
either 2-pyridones or thiophenes (213). The regiochemistry is discussed extensi- 
vely in terms of FMO theory. Hamaguchi and Nagai (174) suggested that the 
thioisomiinchnone-isocyanate cycloadducts described by Potts et al. (214,215) are 
actually C(5) acylated thioisomiinchnones, although evidence per se is not given in 
this paper. Sheradsky and Itzhak (216) isolated cycloadducts 318 in 52-94% yield 
from reactions of thioisomiinchnones 317 (R^ = R^ = Ph) and dipolarophiles such as 
dialkyl azodicarboxylates and Wphenyl-l,2,4-triazoline-3,5-dlone (PTAD). Potts et 
al. (58,217,218) extensively examined both inter- and intramolecular cycloadditions 
of thioisomiinchnones, and, more recently, Kappe et al. (166) employed fused 
thioisomiinchnone 319 to craft novel calcium channel modulators. 




(317) (318) (319) 



R‘ = Ph, Bn, CH=CH 2 

= Ph, Ar, CN, SPh, MezN 
r 3 = H, Ph, Ar 



R = Ph, 4-Me-Ph, 4-CN-Ph, 
Bn, CgHii 
E = Me, Et 



Cavalleri et al. (219) studied the cycloaddition of thioisomiinchnones with 5- 
amino-4-methylene-l,2,3-triazolines. The resulting cycloadducts afford 2-pyri- 
dones with Raney Ni or 8-thla-6-azabicyclo[3.2.1]octanes with acid. Kato has 
continued his extensive exploration of cycloaddition studies of mesoionic hetero- 
cycles with atypical dipolarophiles. Thus, whereas thioisomiinchnone (320) gave a 
complex mixture with 6,6-dimethylfulvene (119), it reacted with 2-tcrt-butyl-6,6- 
dimethylfulvene to afford 321 in 17% yield (151,152). The cycloaddition of 320 
with benzocyclobutadiene was much cleaner to give 322 in 70% yield (114). 




(320) 



(321) 



(322) 
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Avalos and co-workers (220-228) extensively investigated the 1,3-dipolar 
cycloaddition chemistry of 2-aminothioisomtinchnones with both acetylenic and 
olehnic dipolarophiles. For example, sugar derivatives of the mesoionic imi- 
dazo[2,l-h]thiazolium-3-olate system react regioselectively with a variety of 
acetylenic dipolarophiles [DMAD, diethyl azodicarboxylate (DEAD), methyl 
propiolate, ethyl phenylpropiolate] to give the corresponding imidazo[l,2-a]pyr- 
idin-4-ones (e.g., 323 ) following sulfur extrusion from the not isolable cycloadducts 
(220). Similarly, these thioisomiinchnones react with diethyl azodicarboxylate and 
arylisocyanates in the expected fashion (221), and also with aryl aldehydes to form 
episulfides (222). 




^ — C02Me 



tol A 
38% 



Ar = 4-EtO-Ph 
R = arabinose derivative 




Avalos et al. (223,224) also found that simpler 2-aminothioisomiinchnones react 
with nitroalkenes to give dihydrothiophenes and other products, work that includes 
detailed MO calculations that rationalize both the reactivity of the thioisomiinch- 
nones and the observed regioselectivity (224). These same thioisomiinchnones 
( 324 ) react with aryl aldehydes to provide P-lactams 325 following fragmentation 
and subsequent cyclization of the primary cycloadducts (225). Novel 1,2,4-triazines 
are produced when 324 is exposed to diethyl azodicarboxylate (226), and detailed 
synthetic and mechanistic studies have been reported for the reactions of 324 with 
alkynes (227) and chiral 1,2-diaza-l, 3-butadienes (228). 



Bn , . Me 

N 





Padwa and co-workers (25,61,229-233) explored 1,3-dipolar cycloaddition 
behavior of thioisomiinchnones with the goal of establishing its utility in natural 
product synthesis. The Rh(II) catalyzed reaction of diazothioamide 326 with NPM 
gave adduct 328 in 75% yield, presumably via thioisomiinchnone 327 (229). 
Numerous other model systems have been investigated by this group (25,61,230, 
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231) who have shown that this protocol is a powerful one for the construction of 
nitrogen heterocycles. 




(326) (327) (328) 



Padwa and co-workers (232,233) adapted their thioisomilnchnone generation- 
cycloaddition strategy to the synthesis of several tetrahydroisoquinoline alkaloids 
and the indolo[2,3-a]quinolizidine alkaloid alloyohimbane 333 (Scheme 10 . 44 ). 



O 




( 334 ) 



Scheme 10.44 
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Treatment of thiocarboline (329) with acid chloride 330 gave cycloadduct 332 in 
good yield, presumably via thioisomtinchnone 331. Reduction afforded alloyohim- 
bane (333). These workers also synthesized tetrahydropapaverine (334). 



10.2.6. l,3-Thiazolium-4-thiolates 

Apart from work of Yoshii and co-workers (62) described in Section 10.1.6 (cf. 
Scheme 10.19), no additional cycloaddition reactions of l,3-thiazolium-4-thiolates 
have been reported. 



10.2.7. Oxamiinchnones (l,3-dioxolium-4-olates) 



Hamaguchi and Nagai (65,66) generated oxamiinchnones 109 as described in 
Section 10.1.7. They find that in addition to a cycloaddition with DMAD 
(Scheme 10.20), these oxamiinchnones react with acenaphthylene, maleimides, 
phenylacetylene, and dibenzoylacetylene to afford 335-338, respectively, in good 
yields (65,66). In the case of 335 and 336 the exo/endo ratio varies from 3:2 to 5:1 
depending on the substituents. 





R =Me,Ph 
Ar = 4-N02-Ph 



R' = Me, Ph 



10.2.8. l,3-Dithiolium-4-olates 

Although the 1,3-dithiole mesoionic heterocycle l,3-dithiolium-4-olate (339) 
was hrst synthesized in 1968 by Gotthardt and Christl (234,235) and shown to react 
with acetylenic dipolarophiles to give thiophenes (236), this ring system has been 
relatively neglected until the more recent work of Kato and Regitz. For example, 
Kato et al. (113,237,238) found that the benzocyclopropene adduct 340 with 
2,5-diphenyl-l,3-dithiolium-4-olate (339, R*=R^ = Ph) undergoes a range of 
interesting reactions (heat, light, peracid, tributylphosphine). Thus, upon heating, 
340 is transformed into methanothionine 341, and photolysis of 340 results in 
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extrusion of carbonyl sulfide and formation of a cyclohepta[c]thiophene. The 
corresponding benzocyclopropene adduct from 5-methyl-2-phenyl-l,3-dithiolium- 
4-olate ( 339 ) (R^=Me, R^ = Ph) did not undergo comparable chemistry. 




(339) (340) 



R‘ = H, Me, Ar 
r 2 = Ar 




Kato et al. observed that mesoionic 339 reacts with fulvenes, (119,151,152) 
benzocyclobutadiene (114), tropone (123), and triphenylphosphirene (112) to give 
cycloadducts 342 - 345 , respectively. Only a sampling of products is given as these 
reactions are quite complex. For example, 2-tert-butyl-6,6-dlmethylfulvene gives a 
product type different from 342 (151,152). 




(342a) R = Ph(49%) (343) (63%) (344) (19%) (345) (77%) 

(342b) R = Me (32%) 

(342c) R = H(27%) 



Regitz and co-workers (140,142) continued their exploration of the chemistry of 
mesoionic heterocycles with phosphaalkynes. Thus, 339 (R'=R^=Ph) reacts with 
fert-butyl- and mesitylphosphaacetylene to give 1,3-thiaphospholes ( 346 ). This 
same 2, 5-diphenyl- l,3-dithiolium-4-olate reacts with 2,3,4-tri-tert-butylazete to 
give 347 in low yield (143). This reaction is believed to proceed via diphenylthiir- 
ene by loss of carbonyl sulfide from 339 . 




Ph 



(346a) R = f-Bu (91%) (347) (15%) 

(346b) R = Mes (59%) 
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0 “ 




(350) 

Y = CHj, R = Ar, X = O, S 



Robert and co-workers (239,240) discovered novel conversions of 2-amino- 1,3- 
dithiolium-4-olates (348) into other mesoionic heterocycles. For example, reaction 
of 348 with carbon disulfide, phenyl isocyanate, or phenyl isothiocyanate affords 
l,3-dithiolium-4-thiolates (349), l,3-thiazolium-4-olates (350), and 1,3-thiazolium- 
4-thiolates (351), respectively. Some of these reactions proceed via the ring-opened 
ketene tautomer of 348 (240). 

10.2.9. l,3-Oxathiolium-4-olates 

Gotthardt et al. (241,242) were the first to synthesize and study the cycloaddition 
chemistry of l,3-oxathiolium-4-olates 351. Although these original examples were 
not isolable, more recent work by this group (243-246) has led to the isolation of 5- 
trifluoroacetyl derivatives 352. All of these mesoionics undergo smooth 1,3-dipolar 
cycloaddition reactions with alkynes to afford the expected furans after loss of 
carbonyl sulfide. In addition, some alkenes such as norbornadiene and 1-mefhy- 
lindole react with these heterocycles. For example, the latter dipolarophile reacts 
with the trichloroacetyl version of 352 (R=Me) to give 353 in good yield (246). 
Kato et al. (113) found that 351 (R=SMe) and 352 (R=Me) gave only trace 
amounts of cycloadducts with benzocyclopropene. 



SMe 




R = SMe, piperidinyl, R = Me, Et, i-Pr, allyl (353) (64%) 

morpholinyl, pyrrolidinyl 
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10.2.10. l,3,2-Oxathiazolium-5-olates 

Although the mesoionic l,3,2-oxathiazolium-5-olates (354) were initially 
synthesized in 1960, it was Gotthardt (247,248) who developed a general route 
to these heterocycles and demonstrated their utility in isothiazole ring construction 
by the usual alkyne or alkene cycloaddition followed by extrusion of carbon 
dioxide. However, in recent years Kato and co-workers (112-114,119,151,152,237) 
investigated the chemistry of 4-phenyl- l,3,2-oxathiazolium-5-olate (354, R=Ph). 
Whereas 354 (R=Ph) gave tars or complex mixtures with some fulvenes (119), 
benzobutadiene (114), and triphenylphosphirene (112), and gave a low yield of an 
unstable adduct 355 with benzocyclopropene (113,237), this mesoionic heterocycle 
reacted with 3-terf-butyl-6-dimethylaminofulvene to give 356 in 29% yield plus a 
smaller amount of an isomer (151,152). 




Regitz and co-workers (140) found that 354 (R=Ph) reacts with tert-butylpho- 
sphaacetylene to give thiazaphosphole 357 in 30% yield as the major isomer (9:1). 
An independent synthesis of the minor isomer, which is derived from 3-phenylthia- 
zirene, confirmed the assignment. 



10.2.11. Miscellaneous Mesoionic Heterocycles 



The 1,3-dipolar cycloaddition reactions of several other mesoionic heterocycles 
have been investigated since Potts review (1). Kato et al. (113,114,123) found that 
the l,3-thiazolium-5-olate (358) ring system affords low yields or complex reaction 
mixtures with benzocyclopropene (113), benzocyclobutadiene (114), and tropone 
(123). Likewise, Vedejs and Wilde (209) isolated in low yields a cycloadduct of 
358d with thiopivaldehyde, along with a ring-opened thiamide. Also, 1,3-thiazo- 
lium-5-olate 359 reacts with thiopivaldehyde to give 360 (209). 




(358a) R' = Ph, = Me, R^ = H 
(358b) R‘ = SMe, R^ = Me, R^ = Ph 
(358c) R‘ = r 3 = Ph, r 2 = Me 
(358d) R* = Me, R^ = Ph, R^ = H 
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The mesoionic l,2,3-triazolium-4-olates 361a, b and l,2,3-triazolium-4-thiolate 
361c did not react with benzocyclopropene (113), and the attempted reaction 
between l,3-diazolium-4-olate 362 and benzocyclobutadiene failed (114). In 
contrast to these negative results, Ichinari et al. (249) found that the isomeric 
l,3-diazolium-4-olates (l,3-imidazolium-4-olates) 363 and 364 react with DMAD 
to form pyridones and pyrroles, respectively. 




(362) (363) (364) 

(361a) R' = Me, = Bn, R^ = H, X = 0 
(361b) R‘ = Bn, R^ = Me, R^ = H, X = O 
(361c) R‘ = r2 = r 3 = Me, X = S 

Coppola et al. (250) showed that the extent of the 1,3-dipolar cycloaddition 
pathway of tricyclic mesoionic l,3-diazolium-4-olates 365 with DMAD and methyl 
propiolate decreases as the size of the variable ring decreases. Thus, whereas with 
365c and methyl propiolate the “normal” cycloadduct 366 (after fragmentation) is 
obtained in high yield, the same reaction with 365a affords 367 as the major 
compound, which is the product of a stepwise pathway, along with only 8% of the 
dipolar cycloaddition product. Coppola et al. (250) interpret these results in terms 
of an unsymmetrical transition state that diverts a portion of the reaction through a 
stepwise pathway as the ring size decreases in 365. Berree and Morel (251) 
generated a series of l,3-thiazolium-5-amidates (368) and studied their reactions 
with a variety of alkyne and alkene dipolarophiles. Products include pyrroles, 
pyrrolines, aminobutadienes, and thiopyrans. 




(366) (89%) (367) (22%) (368) 



R' = Me, Ph 

r 2 = Me, Bn, CH2C02EI, CH 2 PO(OEt) 2 , !-Pr 
r 3 = ?-Bu, Bn, CH2C02EI 
R'^ = Ph, NMe2 



(365a) n = 1 
(365b) n = 2 
(365c) n = 3 
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10.3. CONCLUDING REMARKS 



Over the past two decades, the 1,3-dipolar cycloaddition chemistry of mesoionic 
heterocycles has matured to become a powerful synthetic tool for accessing a 
multitude of organic structures. We have seen that a variety of pyrroles, furans, 
thiophenes, imidazoles, thiazoles, azaphospholes, oxaphospholes, thiaphospholes, 
pyridones, azepines, and fused heterocycles are available from this methodology. 
Several complex nitrogen-containing natural products have been synthesized by 
utilizing a mesoionic heterocycle in a 1,3-dipolar cycloaddition as the key step. 
Despite this success in the synthesis arena, the factors governing the regiochemistry 
of these cycloadditions are not fully understood and a unified treatment is not yet 
possible. Whereas the 1,3-dipolar cycloadditions of some mesoionic heterocycles 
are rationalized in terms of simple FMO theory, many others cannot be so 
interpreted. It is clear that a combination of steric, electronic, dipole, and other 
ground- and transition state interactions play a role in determining the regiochem- 
istry of these reactions. The success reported with ab initio MO calculations that 
have been performed on a few cycloadditions portends a greater future under- 
standing of the regiochemistry of the 1,3-dipolar cycloaddition reactions of 
mesoionic heterocycles. In any event, the future of the 1,3-dipolar cycloaddition 
chemistry of mesoionic heterocycles in organic synthesis is assured. 
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The stereoselective synthesis of heterocyclic compounds using 1,3-dipolar 
cycloadditions is now regarded to be one of the most important research subjects 
in modern synthetic organic chemistry. The synthetic versatility of 1,3-dipolar 
cycloaddition reactions arises from the fact that (a) they provide a general and 
direct synthetic access to the skeletons of five-membered heterocycles, and (b), they 
can be effectively used, after subsequent functional group manipulation, to con- 
struct heterocycles other than five-membered rings as well as other organic 
functional groups (1-6). One advantage is the high stereospecificity of 1,3-dipolar 
cycloaddition reactions under ordinary reaction conditions, where the configura- 
tions of both the 1,3-dipoles and the dipolarophiles are completely expressed in the 
stereostructure of cycloadducts (1,5). If high diastereo- and/or enantiocontrol is also 
possible using 1,3-dipolar cycloadditions, these reactions will become powerful 
synthetic tools much like the Diels-Alder reaction, where effective catalysis by 
external reagents such as Lewis acids has been well established. However, most 
1,3-dipolar cycloaddition reactions are simple thermal processes, unaided by 
external reagents. The use of external reagents to control the stereo-, regio-, and 
enantioselectivity of 1,3-dipolar cycloadditions is a relatively new area and has 
been examined with a limited number of dipoles. This field is expected to grow 
rapidly in the near future. A common difficulty is the competition between the 
dipole and the dipolarophile for the external reagent when it is a Lewis acid. When 
one tries to activate electrophilic dipolarophiles with Lewis acidic external 
reagents, binding to the 1,3-dipole can predominate, resulting in a slower reaction. 
Such strong binding also causes decreased reactivity of the 1,3-dipoles toward 
nucleophilic dipolarophiles. Strong binding of 1,3-dipoles to a Lewis acid is often 
not avoidable because of the electronic structure of the 1,3-dipoles and the typical 
presence of Lewis basic sites. Accordingly, Lewis acidic reagents may combine 
with the basic site(s) on certain 1,3-dipoles, making relatively stable salt-like 
complexes. The coordinating power of external reagents must be carefully adjusted 
in order to be successful in attaining high rate enhancements. The nature of the 
ligands on the Lewis acid and the lability and exchangeability of these ligands are 
typical issues to be considered. 

Some of the strategies for the control of regio-, diastereo-, and enantioselectivity 
in 1,3-dipolar cycloaddition reactions are shown below. These methods have been 
realized to some degree in recent years, and will form the basis of the discussion in 
this chapter. 



Metalated 1,3-dipoles or 1,3-dipole equivalents. 

Metal-tethered 1,3-dipolar cycloaddition via an internal delivery mechanism. 
Metal-mediated 1,3-dipolar cycloadditions (stoichiometric). 
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Metal-mediated 1,3-dipolar cycloadditions (catalytic). 

Other activation methods. 

This chapter deals mainly with the 1,3-dipolar cycloaddition reactions of 
three 1,3-dipoles: azomethine ylides, nitrile oxides, and nitrones. These three 
have been relatively well investigated, and examples of external reagent-mediated 
stereocontrolled cycloadditions of other 1,3-dipoles are quite limited. Both nitrile 
oxides and nitrones are 1,3-dipoles whose cycloaddition reactions with alkene 
dipolarophiles produce 2-isoxazolines and isoxazolidines, their dihydro derivatives. 
These two heterocycles have long been used as intermediates in a variety of 
synthetic applications because their rich functionality. When subjected to reductive 
cleavage of the N— O bonds of these heterocycles, for example, important building 
blocks such as p-hydroxy ketones (aldols), a,p-unsaturated ketones, y-amino 
alcohols, and so on are produced (7-12). Stereocontrolled and/or enantiocontrolled 
cycloadditions of nitrones are the most widely developed (6,13). Examples of 
enantioselective Lewis acid catalyzed 1,3-dipolar cycloadditions are summarized 
by J0rgensen in Chapter 12 of this book, and will not be discussed further here. 



11.1. AZOMETHINE YLIDES 

11.1.1. Introduction 



The chemistry of azomethine ylides has changed dramatically in the last two 
decades. The previous review in this series (14) covered only the traditional 
methods for the generation of these dipoles, such as the thermal or photochemical 
ring opening of aziridines (15-18). Since then, there have appeared a variety of new 
generation methods (19), including (a) the thermal tautomerization of imines 
bearing an electron withdrawing group at the a-position of the N-substituent 
(20-24), (b) the desilylation of N-alkylidene(a-silylalkyl)amines (25-32), (c) the 
dehydrative condensation of a-amino esters and nitriles with carbonyl compounds 
(33-37), (d) the decarboxylative condensation of a-amino acids with carbonyl 
compounds (34,36,38^1), and (e) the deprotonation of tertiary amine-N-oxides 
with strong bases (42,43). 

These newly discovered methods have found wide synthetic application. 
Examples include the generation and cycloaddition of stabilized N-unsubstituted 
azomethine ylides, nonstabilized N-substituted azomethine ylides, and even the 
parent azomethine ylides bearing no carbon substituents (19). However, these 
modern procedures often require severe reaction conditions such as high reaction 
temperatures, the use of polar solvents, and the use of strong bases, among others. 
The poor stereo- and regioselectivities that are often observed in the cycloadditions 
of nonstabilized azomethine ylides have discouraged their use in the stereocon- 
trolled synthesis of complex molecules. 
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11.1.2. Metal N-Alkylideneglycinates 

N-Metalated azomethine ylides (44) are probably the most synthetically useful 
of these dipoles, since they can be generated from readily available N-alkylide- 
neamino esters or nitriles through a simple activation method. The resulting 1,3- 
dipoles show high reactivity with a,p-unsaturated carbonyl acceptors to provide 
excellent stereo- and regioselectivities. A variety of asymmetric versions have been 
reported. 

The first example of N-metalated azomethine ylides was reported in 1979 by 
Casella et al. (45). The action of triethylamine on A-pymvylideneglycinatocop- 
per(Il) in pyridine and subsequent trapping of the resulting anionic species with 
acrylonitrile or methyl acrylate gave the chelated cycloadducts (Scheme 11.1). 
Removal of the copper metal from the chelated cycloadducts with a cation 
exchange resin liberated 2,5-pyrrolidinedicarboxylic acids (46). Although the 
reactions are highly stereoselective as confirmed later by Grigg et al. (47), a ready 
epimerization took place during the demetalation procedure to give mixtures of 
several stereoisomeric cycloadducts. 

Later, Grigg et al. (47) reported that metals other than Cu(II) could be 
incorporated in the glycine imines of pyruvic acid or phenylglyoxylic acid (47). 
Such isolable chelates containing Zn(II), Cd(II), and Pb(II) metals also undergo 
stereoselective cycloadditions to 1,2-disubstituted electron-deficient alkenes. How- 
ever, the reactions with less reactive dipolarophiles such as acrylonitrile, methyl 
acrylate, and phenyl vinyl sulfone give mixtures of regio- and stereoisomers. The 
kinetic and thermodynamic nature of such cycloadditions has been discussed (47). 
The ready epimerization in the demetalation step is a disadvantage. A Michael 
addition-cyclization mechanism previously proposed by Casella et al. (45,46) was 
questioned by Grigg et al. (47), and a new mechanism involving N-metalated 
azomethine ylide 1,3-dipoles was suggested. 
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11.1.3. 2-Azaallyl Anions 

The use of lithium amides to metalate the a-position of the N-substituent of 
imines generates 2-azaallyl anions, typically stabilized by two or three aryl groups 
(Scheme 11.2) (48-62), a process pioneered by Kauffmann in 1970 (49). Although 
these reactive anionic species may be regarded as N-lithiated azomethine ylides if 
the lithium metal is covalently bonded to the imine nitrogen, they have consistently 
been discussed as 2-azaallyl anions. Their cyclization reactions are characterized by 
their enhanced reactivity toward relatively unactivated alkenes such as ethene, 
styrenes, stilbenes, acenaphtylene, 1,3-butadienes, diphenylacetylene, and related 
derivatives. Accordingly, these cycloaddition reactions are called anionic [3 + 2] 
cycloadditions. Reactions with the electron-poor alkenes are rare (54,57). Such 
reactivity makes a striking contrast with that of N-metalated azomethine ylides, 
which will be discussed below (Section 11.1.4). 

Note that Pearson has extended the classical anionic [3 + 2] cycloadditions to 
allow the generation of nonstabilized 2-azaallyl anions, and has successfully 
applied this methodology to the field of alkaloid total synthesis. A key discovery 
was that (2-azaallyl)stannanes are capable of undergoing tin-lithium exchange to 
generate the nonstabilized anions (63-76), which can be trapped either intramole- 
cularly or intermolecularly with unactivated alkenes to produce pyrrolidines, often 
in a stereoselective fashion. Thus, a variety of 2-azaallyl anions are accessible by 
his method. A few examples of Pearson’s contributions are illustrated in 
Scheme 11.3 (70,76). 

11.1.4. N-Metalated Azomethine Ylides 



In 1980, Grigg et al. (77) reported the reactions of a-(arylideneamino) esters 
with methyl acrylate in the presence of a catalytic amount of sodium methoxide, 
producing both Michael adducts and cycloadducts in a stereoselective fashion, the 
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with a stereoisomer (5:1) 



a: (1) ArLi, (2) CH 2 =PPh 3 . b: (1) TfjO, py, (2) CyN=CHCH 2 Li, (3) H+. 
c: fj-Bu 3 SnCH 2 NH 2 (1 equiv), 4A MS in Et20. d: (1) n-BuLi (1.9 equiv) in THF, —78 °C, 
(2) H 2 O. e: (1) Me 2 N+=CH 2 I‘ in MeCN, A (2) HCl in MeOH 





product ratios depending on the nature of the arylidene substituents (Scheme 11.4). 
Although the author has not mentioned such a point, this report corresponds to 
the first report of the direct generation of N-metalated azomethine ylides from 
a-(alkylideneamino) esters. 
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11.1.4.1. Irreversible Metalation of (N-Alkylideneamino)acetonitriles 



Metalation at the a-position of the N-substituent of imines is facilitated by an 
attaching electron-withdrawing substituent at this position, for example, a cyano 
group (Scheme 11.5). The successful generation of N-metalated azomethine ylides 
through a-metalation of the N-substituent of imines has been demonstrated with 
LDA and a-(benzylideneamino)acetonitrile (78). On treatment with LDA (1 equiv) 
at —78 °C, a colorless solution of the imine nitrile in tetrahydrofuran (THF) turns 
bright red, probably the color of the N-lithiated azomethine ylide. This color fades 
immediately as dimethyl maleate is added to the solution, and dimethyl cis-5- 
phenyl-2-pyrroline-3,4-dicarboxylate is obtained as a single stereoisomer in 71% 
yield (Scheme 11.5). Exclusive formation of the stereoselective cycloadduct 
Involves (a) the lithiation of the imine with LDA generating the N-lithiated 
azomethine ylide of the cyano-stabilized type, (b) the endo-selective cycloaddition 
of the ylide to dimethyl maleate, (c) the spontaneous elimination of LiCN from the 
lithiated cycloadduct, and (d) the spontaneous 1,3-proton migration of the resulting 
1-pyrroline intermediate producing the 2-pyrroline. The same 2-pyrroline is 
obtained stereoselectively in a similar reaction involving a N-unsubstituted azo- 
methine ylide, generated thermally from the same imine nitrile, although at a much 
higher reaction temperature. The pyrroline is produced in 66% yield after 27 h at 
reflux in toluene (79). N-Unsubstituted azomethine ylides, generated thermally 
from imines, are less suitable than the N-lithiated ylides, and do not to react at room 
temperature with a,()-unsaturated esters such as acrylates, crotonates, and cinna- 
mates. This is because an imine/azomethine ylide equilibrium is very unfavorable. 

a-Substltuted a-(alkylideneamino)acetonitriles are also activated by lithiation with 
LDA. The resulting N-lithiated ylides react with a variety of a,P-unsaturated ester 
dipolarophiles to give endo-cycloadducts and/or the LiCN eliminated derivatives in 
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satisfactory yields (Scheme 11.6). The imines derived form enolizable aldehydes 
can be successfully employed in the LDA induced cycloadditions. 

N-Unsubstituted azomethine ylides may be generated thermally (79), and the 
N-metalated, 2-azaallyl anion versions may be generated by action of nonmetallic 
bases such as l,8-diazabicyclo[5.4.0]undec-7-ene (DBU) on certain imines (80). 
Although they are assumed to show similar chemical properties, these two species 
usually show different reaction patterns, as shown in Scheme 1 1.7, where the regio- 
and stereoselectivities of the cycloadditions are quite different (24,78-80). Metala- 
tion of (alkylideneamino)acetonitriles can be performed with metallic bases 
other than LDA. Thus, butyllithium, ethylmagnesium bromide, and magnesium 
bromide-diisopropylamide are also effective (78). The N-magnesioazomethine 
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ylide generated from (benzylideneamino)acetonitrile and ethylmagnesium bromide 
is exclusively the {E,Z) isomer, while poor (£’,Z)-/(£’,£’)- selectivity results when 
butyllithium is used. 

Thus, N-metalated azomethine ylides of the cyano-stabilized type are important 
in the stereoselective synthesis of pyrrolines. These reactive intermediates are 
regarded as synthetic equivalents of nonstabilized nitrile ylides. 

11.1.4.2. Reversible Metalation of ct-( Alky lideneamino jesters 



N-Metalated azomethine ylides generated from a-(alkylideneamino) esters can 
exist as tautomeric forms of the chelated ester enolate (Scheme 11.8). On the basis 
of the reliable stereochemical and regiochemical selectivities described below, it is 
clear that the N-metalated tautomeric contributor of these azomethine ylides is 
important. Simple extension of the above irreversible lithiation method to 
a-(alkylideneamino) esters is not very effective, and cycloadditions of the resulting 
lithiated ylides to a,P-unsaturated carbonyl compounds are not always clean 
reactions. When the a-(alkylideneamino) esters bear a less bulky methyl ester 
moiety, or when a,p-unsaturated carbonyl compounds are sterically less hindered, 
these species suffer from nucleophilic attack by the organometallics, or the 
metalated cycloadducts undergo further condensation reactions (81-85). 

The most convenient access to N-metalated azomethine ylides from a- 
(alkylideneamino) esters is their reversible generation by the combined use of 
lithium bromide and triethylamine (LiBr/NEt 3 ) (86). Thus, treatment of methyl N- 
benzylideneglycinate with LiBr/NEt 3 in THE at room temperature generates the N- 
lithiated ylide, which is trapped with N-methylmaleimide to give the endo- 
cycloadduct in 83% yield (Scheme 11.9). Lithium bromide works as a weak Lewis 
acid to associate to both the carbonyl oxygen and the imine nitrogen of the methyl 
A^-benzylideneglycinate. Thus, the acidity of the a-hydrogen is enhanced so as to be 
readily deprotonated by such a weak base such as triethylamine, leading to the 
(£’,£’)-ylide. The lithiated ylide undergoes endo-selective cycloadditions to a variety 
of a,P-unsaturated esters and ketones to afford proline ester derivatives (86). In all 
these cycloadducts, the phenyl moiety derived from the ylide is cis to both the ester 
group (COOMe) derived from the ylide and the carbonyl group (EWG) derived 
from the acceptor. Although the reaction of the enolate with N-methylmaleimide is 

, „ MB 

RCH=N-CH(R')COOR" ► 

M-O M'"0 

^ OR" 

Chelated ester N-Metalated azomethine ylide 

enolate 

MB = metallic base 



Scheme 11.8 
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also exclusively endo- selective as mentioned above, acrylonitrile shows poor 
stereoselectivity (endo/exo = 29: 71). Thus, the a,(3-unsaturated carbonyl function- 
ality is essential for the highly endo-selective cycloadditions. 

In general, LiBr and NEt 3 are employed in 1.5 and 1.2 equiv, respectively. 
Although the reaction becomes rather slower, catalytic amounts of LiBr/NEt 3 (0. 1 
equiv each) are also sufficient. In reactions with the highly reactive dipolarophile N- 
methylmaleimide, the catalytic reaction results in a better yield. A similar lithiation 
is possible with a-substituted (alkylideneamino)acetates and (alkylideneamino)- 
acetamides to generate lithium enolates (86). Cycloadditions with a variety of a,(3- 
unsaturated carbonyl compounds leads to endo cycloadducts. However, the reaction 
with acrylonitrile is again nonstereoselective. 

When the a-substituent is methyl (R = Me), deprotonation occurs readily with 
NEt 3 at room temperature. Although the cycloaddition step of the resultant ylide 
with sterically less hindered or reactive dipolarophiles (A-methylmaleimide, methyl 
acrylate, methyl methacrylate, and dimethyl fumarate) proceeds faster than the 
ylide generation step, the cycloaddition step becomes rate determining if sterically 
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hindered methyl crotonate is employed. A rate acceleration is observed using DBU 
instead of NEts in the latter case (82). When the a-substituent is a bulky group such 
as isopropyl (R = i-Pr), DBU rather than NEt 3 is also needed for the ylide 
formation. Although the resulting ylide undergoes a smooth cycloaddition with 
methyl methacrylate, methyl crotonate is no longer useful as a dipolarophile. This 
decreased reactivity is due to steric repulsion between the p-methyl group of the 
crotonate and the isopropyl group of the ylide. 

The reaction mechanism proposed for the LiBr/NEt 3 induced azomethine ylide 
cycloadditions to a,P-unsaturated carbonyl acceptors is illustrated in Scheme 11.10. 
The (£,£)-ylides, reversibly generated from the imine esters, interact with acceptors 
under frontier orbital control, and the lithium atom of ylides coordinates with the 
carbonyl oxygen of the acceptors. Either through a direct cycloaddition (path a) or a 
sequence of Michael addition-intramolecular cyclization (path b), the cycloadducts 
are produced with endo- and regioselectivity. Path b is more likely, since in some 
cases Michael adducts are isolated. 

Treatment of 2-(benzylideamino)propanoate with NEt 3 and metal halides other 
than LiBr leads to N-metalated azomethine ylides (Scheme 11.11) (87). Although 
N-sodiated ylides generated by using NaI/NEt 3 afford the Michael adduct as the 
major product in reactions with methyl crotonate, other metalated ylides produce 
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the endo-cycloadducts as the only products. Similar reversible generation of a 
variety of metal enolates using NEt 3 /LiBr, Lil, Li0Ac H 20 , ZnBr 2 , AgOAc, 
AgNOs, Ag 2 C 03 , Ag 2 • tartrate, MgBr 2 • Et 20 , and MnBr 2 are now known (88,89), 
where THE, MeCN, dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and 
N-methylacetamide are used as the reaction solvents. 

Methyl (naphthylideneamino)acetate undergoes dimerization to produce a mix- 
ture of two diastereomeric imidazolidines when treated with Mg(C 104)2 or C 0 CI 2 
(89). Other imines can also be used as acceptor molecules (Scheme 11.12). With the 
exception of azomethine ylides incorporating sodium and titanium ions, other N- 
metalated ylides undergo highly endo-selective cycloadditions with a,P-unsaturated 
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carbonyl compounds. With the exception of titanium ylides (see Scheme 11.13 and 
11.14), the stereoselectivity of the cycloadditions is independent of the metal ion. 

Titanium ylides are generated from imine esters with titanium isopropoxide 
chlorides and amines or by transmetalation of the N-lithiated ylides (90,91). The 
regioselectivity of their reactions with methyl acrylate is opposite to that normally 
observed (90). A transition state is proposed in Scheme 11.13 to explain this 
alternative regioselectivity. Intramolecular cycloadditions of the titanium ylides 
offer a synthetic application of this regioselectivity. 

With methyl acrylate and methyl methacrylate bearing no substituent at the 
electrophilic 3 -position, cycloadditions at a higher temperature [room temperature 
(rt)] lead to the exo-cycloadducts having an ester group trans to the adjacent 2- 
phenyl group. On the other hand, at a lower temperatures (—78 to — 20°C), 
regioisomeric cycloadducts having the ester group cis to the adjacent 2 -C 02 t-Bu 
group are the only products (Scheme 11.14). It is most likely that the selectivity is 
dependent of the stereochemistry of the reacting intermediate ylides. The structure 
seems to change with a change of the reaction temperature at which the metalation 
is carried out. Thus, the intermediate generated at —78 °C, probably a chelated ylide 
structure, reacts with methyl crotonate to give the endo-cycloadduct at —78 °C or a 
mixture of endo- and exo-cycloadducts at room temperature. The intermediate 
generated at room temperature, probably a nonchelated ylide like the transition 
state shown in Scheme 11.13, gives the regioisomeric exo-cycloadducts regardless 
of the reaction temperature. 
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11.1.4.3. Anti-Selective Michael Additions 



When 2-(benzylideneamino)propanoate is treated with methyl acrylate in the 
presence of LiBr/NEt 3 in THF, the Michael adduct (18%) is formed as a minor 
product together with the cycloadduct (79%) as a major product in a stereoselective 
fashion (Scheme 11.15). 

Based on this result as well as related investigations, the following have been 
unveiled (87): (a) Under equilibrating conditions (use of LiBr/NEt 3 ), the cycloaddi- 
tion and the Michael addition path compete each other via the common inter- 
mediate A (Scheme 11.16); (b) the intermediate B is stereoselectively formed 
through the chelation- and frontier orbital controlled transition state A; (c) the 
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Cycloadducts 



product ratio depends on the ratio of reaction rates k\ jk^-, (d) the cycloaddition path 
is favored when the reaction is performed in a dilute solution because quenching of 
B with NEts'HBr, producing Michael adducts, is an intermolecular process and 
cyclization of B (imine/aldol reaction) leading to cycloadducts is an intramolecular 
process; (e) use of a base stronger than NEt 3 (e.g., DBU) results in higher 
concentrations of both B and the ammonium salt quencher (DBU HBr), so that 
the Michael addition path becomes more favored, and (f) no Michael adducts are 
formed when the enolates are generated under irreversible conditions. 

The above reaction mechanism indicates that the Michael addition path should 
become the major one if the lithiated ylide derived from a bulky aldehyde is 
employed (e.g., 2,2-dimethylpropanal). The lithium or magnesium ylides of methyl 
(2,2-dimethylpropylideneamino)acetate, when generated by the irreversible bases 
EDA or t-BuMgCl, undergo stereoselective cycloadditions with methyl crotonate 
(Scheme 11.17) (82). On the other hand, under the equilibrating conditions using 
LiBr/DBU, a 7:6 mixture of diastereomeric Michael adducts is produced after 4 h at 
room temperature. The latter is a result of overreaction under the equilibrating 
conditions. When the same reaction is quenched at short reaction time (10 min), the 
anti-adduct is the only isomer isolated in 77% yield (82). Thus, reactions of (2,2- 
dimethylpropylideneamino)acetate with a,P-carbonyl compounds under equilibrat- 
ing conditions offer a convenient method for anti- selective Michael additions. 
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The anionic intermediate formed in the Michael reaction, formed through a rigid 
transition state, undergoes a sluggish intramolecular cyclization due to serious 
steric interaction between the tert-butyl and methoxyl groups, instead giving rise to 
the acyclic materials upon quenching with DBU HBr Since this product bears an 
another acidic hydrogen, it is again lithiated reversibly with LiBr/DBU to cause 
epimerization. This epimerization occurs more readily when the imine proton to be 
abstracted is sterically less hindered by the p-substituent derived from the acceptor 
molecule (Scheme 11.18). For example, the Michael adduct from methyl acrylate 
yields the 1:2 adduct as the sole product. The initially formed anti-adducts do not 
suffer from epimerization when the a-position of the N-substituent the of imines is 
already substituted. For example, the reaction of the alanate imine with methyl 
crotonate is exclusively anti- selective (82). 

The imine protecting group of the anti-selective Michael adducts is readily 
removed by treatment with aqueous acetic acid. The resulting a-amino esters 
undergo a spontaneous intramolecular condensation to give the corresponding 5- 
oxopyrrolidine-2-carboxylates (Scheme 11.19). Michael additions to a variety of 
a,P-unsaturated ketones result in the exclusive formation of anti-isomers of the 
adducts if the reaction conditions are carefully set up to avoid epimerization (82). 
When a bulky tert-butyl substituent is attached at the p-position of acceptor, the 
Michael addition requires a much longer reaction time (1 h at — 5°C). No 
epimerization takes place under these conditions. High steric hindrance by the 
fert-butyl group effectively inhibits further lithiation. Hydrolytic removal of the 
alkylidene protecting group produces 4,5-tranx-l-pyrroline-5-carboxylates in a 
stereospecific fashion. 




11.1. Azomethine Ylides 



111 



1-Bu 



f-Bu 




Cycloaddition 



Epimerization via lithiation 

Me 



^N..^COOMe LiBr/DBU ^ ?-Bu^N 



Me 



Me 



/^i^COOMe 
rt, 24 h 




COOMe 



Me COOMe 61% 

Single diastereomer 



LiBr/DBU t-Bu ^ N COOMe 
^N^COOMe ^ A 71% 




MeOOC 

Scheme 11.18 



COOMe 



R* 



l-Bu 

R' 




COOMe 



COOMe 



anti-Adduct 



r1 

AcOH aq 



o 

H 

R = H, R* = Me 
R = Rl = Me 

R = CHzCHzCOOMe, R* = H 






N ^COOMe 



l-Bu. /COOMe 



LiBr/DBU = 1.1/1 R‘ 






R^ 



f-Bu . / N 




in THE 



AcOH aq 



R‘ 



COR^ 



COOMe 



Ss 

R^' N' ^COOMe 

r1 = r 2 = Me 



R* = Ph, r 2 = Me 



R‘ = f-Bu, r 2 = Me 



R* = Me, r 2 = Ph 

R‘ = PhCH=CH (£), R^ = Ph 



Scheme 11.19 




772 



Effect of External Reagents 



11.1.4.4. Asymmetric Azomethine Ylide Cycloadditions 

Although the first attempts at asymmetric azomethine ylide cycloadditions were 
reported by Padwa’s group (92), the acyclic azomethine ylides chosen, bearing an 
a-chiral alkyl substituent on the nitrogen, showed poor diastereoselectivities 
(93,94). When the chiral center is fixed in a cyclic structure (95) or when chirality 
is introduced in an intramolecular cycloaddition system (96-98), high selectivities 
have been accomplished. There are only a few examples known of asymmetric 
cycloadditions of achiral azomethine ylides to chiral dipolarophiles where cyclic 
azomethine ylides (99,100) or cyclic chiral dipolarophiles (94) were used. 

Enhanced reactivity as well as high endo-selectivity based on the rigid transition 
structure of N-metalated azomethine ylides is attractive for asymmetric 1,3-dipolar 
cycloaddition reactions. There are several reports known for the design of effective 
chiral nucleophiles in asymmetric cycloadditions. 

A new dipolarophile bearing a chirality-controlling heterocyclic auxiliary at the 
p-position is readily accessible from (5)-A-benzylvalinol and methyl (£’)-4-oxo-2- 
propenoate. However, the dipolarophile is available only as an 86:14 equilibrium 
mixture of trans and cis stereoisomers (Scheme 11.20) (84). When this is used 
without separation in the reaction with the A-lithiated azomethine ylide derived 
from methyl (benzylideneamino)acetate in THE at — 78°C for 3.5 h, a mixture of 
two diastereomeric cycloadducts (75:25) was obtained in 82% yield. These two 
cycloadducts are derived from the trans and cis isomers of acceptor, indicating that 
both cycloadditions were highly diastereoselective. 
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The a,P-unsaturated ester (3R,7a5)-A hearing a perhydropyrrolo[l,2-c]imida- 
zole chiral auxiliary at the P-position is available from (5')-2-(anilinomethyl)pyrro- 
lidine and methyl (£)-4-oxo-2-propenoate (101). Its cycloaddition reactions with N- 
metalated azomethine ylides are exclusively diastereoselective, regardless of the 
metal atom M contained in metal enolates, the size of the alkoxy substituents, the 
reaction temperatures, and the methods of enolate generation (Scheme 11.21). 
Condensation of the enantiomers of l,2-dianilino-l,2-diphenylethane (81) and 1,2- 
bis(methylamino)-l,2-diphenylethane with methyl (£)-4-oxo-2-propenoate gives 
the a,P-unsaturated esters B and C bearing a C 2 -symmetric imidazolidine chiral 
auxiliary at the P-position. Reactions of (45,55)-B with the lithium or magnesium 
ylides derived from methyl (benzylideneamino)acetate show diastereoselectivities 
in the range of 96:4-85:15 depending on the reaction temperatures and the methods 
used to generate the enolates, the major products being the (2R,3R,4R,5S)- 
stereoisomer. On the other hand, reactions of the same ylides with (45,55)-C shows 
the opposite diastereoselectivity to the above case to give the (25',35',45',5R)- 
stereoisomer as the sole products, regardless of the reaction conditions. Grigg 
and co-workers (102) independently reported the asymmetric cycloadditions of 
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silver etiolates derived from a-(alkylideneamino) esters and AgOAc/NEt 3 . They 
employed both enantiomers of menthyl acrylate D. With (IR,2S,5R)-T), the re face 
exclusively participates in the attack by the silver enolates to produce diastereo- 
selective pyrrolidines. In the cycloadditions of both enantiomers with the titanium 
enolates generated from methyl (2-naphthylideneamino)acetate and Ti(OPr-t) 3 Cl/ 
NEt 3 , single diastereomers of 2,3-pyrrolidinedicarboxylate with an opposite regio- 
chemistry are produced. 

11.1.4.5. Asymmetric Michael Additions of Enantiopure Camphor Imines 



Enantiocontrolled anti-selective Michael additions of the metalated ylides 
derived from a-(alkylideneamino)alkanoates are attractive as a new synthetic route 
to enantiomers of a-amino esters. Although there are a variety of chiral glycine 
equivalents available, only the enolates derived from 1 ,4-dihydropyrazine have 
been successfully applied to asymmetric Michael additions (Scheme 11.22) (103- 
105). In these reactions, the diastereoselectivities are high. 

One problem in the anti-selective Michael additions of A-metalated azomethine 
ylides is ready epimerization after the stereoselective carbon-carbon bond forma- 
tion. The use of the camphor imines of a-amino esters should work effectively 
because camphor is a readily available bulky chiral ketone. With the camphor 
auxiliary, high asymmetric induction as well as complete inhibition of the undesired 
epimerization is expected. The lithium enolates derived from the camphor imines of 
a-amino esters have been used by McIntosh’s group for asymmetric alkylations 
(106-109). Their Michael additions to some a,P-unsaturated carbonyl compounds 
have now been examined, but no diastereoselectivity has been observed (108). It is 
also known that the A-pinanylidene-substituted a-amino esters function as excellent 
Michael donors in asymmetric Michael additions (110). Lithiation of the camphor 






COOt-Bu 



S. Yamada 



U. Schollkopf 



T. Mukaiyama 




N=C(SMe)2 



OMOM 



II 

O 



(MeS)2C=N^^ 

O 




OMOM 



O O 




W. Oppolzer 



T. Katsuki 



D. A. Evans 



Scheme 11.22 




11.1. Azomethine Ylides 



775 




NH2OH 




1-Bu02C/, NH 2 
R = Me [ (2R) 

1-Bu02C . ^ 

/R 



R = H 



Scheme 11.23 



imine of ferf-butyl glycinate with butyllithium at — 78°C in THF followed by 
treatment with fert-butyl acrylate or crotonate gives the Michael adducts in high 
diastereoselectivities of 95:5 in both cases (Scheme 11.23) (111). The camphor 
imine of ethyl glycinate can he reversibly lithiated with LiBr/NEt 3 or LiBr/DBU in 
THF and the Michael addition to methyl acrylate is completed at 0°C in a few 
minute (ds = 82:18), while that to methyl crotonate is extremely sluggish 
(ds = 74:26). To attain high diastereoselectivity, the lithiated ylide generated 
with butyllithium has to be pretreated with t-BuOH (1 equiv) at — 78°C in THF 
(111). It should be emphasized that epimerization at the 2-position of the Michael 
adducts is totally inhibited under these reaction conditions. The a-position is 
sterically protected by the bulky camphor moiety from attack by the bases 
employed for the enolate generation. Even a strong organometallic base such as 
butyllithium cannot deprotonate at this position. 

Alkylidenemalonates were found to be excellent acceptor molecules (111). 
Reactions of lithium ylides with dimethyl alkylidenemalonates at — 78°C in THF 
in the presence of t-BuOH were diastereoselective for all the substituents R except 
methyl, producing Michael adducts as single diastereomers (Scheme 11.24). 
The only exception was dimethyl ethylidenemalonate, which produces an 86:14 
mixture of diastereomeric adducts, the minor diastereomer being syn-adduct. Since 
dimethyl alkylidenemalonates bear two geminal methoxycarbonyl moieties, one is 
cis to the terminal substituent R and the other trans, so of these ester substituents 
can participate in chelate formation in the transition state. When the terminal 
substituent R is small, there is a chance for the syn-adduct to be produced, which 




776 



Effect of External Reagents 




f-BuOOCCH,N 



f-Bu02C/,_ ^ 
MeOOC, 



n-BuLi/t-BuOH 
in THF at -78 °C 



COOMe 
COOMe 



-78 °C, 2 h 
then rt, 15 h 



MeOOC 



R 




NH2OH 




MeOOC 

UCI/H 2 O 

130-140 ”C 
in DMI 



R 



O 




N '"C02f-Bu 
H 

R = Et 
R = t-Bu 
R = Ph 

■"C02f-Bu R = MeCH=CH(£) 

R = PhCH=CH (£) 

R = MeOCH=CH (£) 



DMI = l,3-Dimethyl-2-imidazolidinone 
Scheme 11.24 



has actually been observed. One of the ester moieties derived from the alkylide- 
nemalonate can be removed after the Michael addition so that alkylidenemalonates 
can be regarded as the synthetic equivalents of a,P-unsaturated esters. 

The lithium ylide generated from methyl (2,2-dimethylpropylideneamino)ace- 
tate and LiBr/DBU reacts with an a,P-unsaturated ester bearing a perhydropyr- 
rolo[l,2-c]imidazole chiral auxiliary at the p-position at — 78°C in THF to give a 
quantitative yield of the Michael adduct as a single diastereomer (Scheme 11.25) 
(112). When the reaction is performed at room temperature, the diastereoselectivity 
decreases to 95:5 and some epimerization is observed. Accordingly, epimerization 
is not a serious problem as long as the reaction temperature is kept at or below 
-78 °C. 

Ethyl (45,2£)-3-(2,2-dimethyl-l,3-dioxolan-4-yl)acrylate (113,114) has been 
widely used as a chiral a,P-unsaturated ester bearing a five-membered dioxolane 
chiral auxiliary at the P-position in asymmetric reactions (115-117), including 
cycloadditions (94,118-120). Although one example of asymmetric dipolar 
cycloaddition using a nonstabilized azomethine ylide is known, the diastereoselec- 
tivity observed is low (94). Use of the same acceptor in reactions with the 
N-lithiated ylide generated from ethyl (2,2-dimethylpropylideneamino)acetate 
and EDA, at — 78°C in THE in the presence of f-BuOH gives a mixture of the 
Michael adduct and the cycloadduct in a stereoselective fashion (Scheme 11.25) 
(121). When the crude mixture is treated with NH 2 OH in ethanol, the lactam (40%) 
and the unreacted cycloadduct (9%) are obtained after A-Boc protection, both as 
single diastereomers. Based on the absolute configurations, the Michael addition 
has arisen from reaction of the ji-face of acceptor with the lithium ylide. Such 
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y/-face attack by a nucleophile is very unusual in asymmetric reactions using this 
acceptor (94). 

The double chiral-inductive asymmetric Michael addition of the camphor-based 
lithium ylide to 3-(45-2, 2-dimethyl- l,3-dioxolan-4-yl)acrylate produces exclusively the 
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Scheme 11.26 



(2/?,3^)-diastereomeric product (73%), which corresponds to an adduct formed 
via an attack of the ylide to the s/(CP)-face of the acceptor (Scheme 11.26) 
(122,123). Such a combination is a matching pair, since the (l/?,4/?)-ylide has 
participated predominantly in the Michael addition using the racemate of the 
camphor-based lithium ylide (2 equiv) to ethyl 3-(4S-2,2-dimethyl-l,3-dioxolan-4- 
yl)acrylate to give the enantiopure adduct in 81% yield together with the unreacted 
ylide, which mainly consists of (15',45')-enantiomer. 

High diastereofacial selectivities are observed in cycloadditions and Michael 
additions with a,P-unsaturated esters having chiral heterocyclic auxiliary at the p- 
position, as shown in Schemes 11.20, 11.21, and 11.25, and cannot be well- 
explained using Kozikowski’s “aMfi-periplanar model” (124,125) or Houk’s 
“inside alkoxy model” (126,127). Both the anti-periplanar conformation and the 
syn-periplanar conformation of the acceptors participate in the transition structures, 
depending on nonbonding interactions in the dipole-chiral auxiliary pair (121). 

11.1.4.6. Enantioselective Reactions 

The above azomethine ylide cycloadditions have been extended to an enantio- 
selective version involving amino alcohols both as chiral ligands and amine bases. 
Thus, reactions of the N-metalated azomethine ylides derived from achiral methyl 
2-(arylmethyleneamino)acetates, cobalt(II) chloride [or manganese(II) bromide], 
and chiral amino alcohols, 1 and 2 equiv each, with methyl acrylate as solvent have 
been performed to provide the enantiomer-enriched pyrrolidine-2,4-dicarboxylates 
with the enantioselectivities of up to 96% enantiomeric excess (ee) (128,129). 
However, a large excess of the metal ions and the chiral source (ligand and base) 
have to be employed. 
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11.2. NITRILE OXIDES 

11.2.1. Introduction 



1,3-Dipolar cycloaddition reactions between nitrile oxides and alkenes produce 
2-isoxazolines. Through reductive cleavage of the N— O bond of the 2-isoxazolines, 
the resulting heterocycles can be readily transformed into a variety of important 
synthetic intermediates such as P-hydroxy ketones (aldols), P-hydroxy esters, a,p- 
unsaturated carbonyl compounds, y-amino alcohols, imino ketones and so forth 
(7-12). 

There are some other synthetic advantages in nitrile oxide cycloadditions: (a) 
This reaction takes place in an stereospecific manner, so that geometry of the 
starting alkenes is completely expressed in the cycloadducts; (b) the above building 
blocks can be constructed in stereospecific fashion sfarting from sferically 
defined alkenes; (c) nitrile oxides are highly reactive 1,3-dipoles that react with 
many kinds of monosubstituted alkenes to produce 5-substituted-2-isoxazolines in a 
regioselective fashion; and (d) hydroximoyl halides are common nitrile oxide 
precursors, and are readily available, as are the alkene reaction partners. Thus, 
nitrile oxide cycloadditions with alkenes provide a general route to 2-isoxazolines 
(9,10). 

Control of reaction selectivities with external reagents has been quite difficult. 
Unsolved problems remaining in the field of nifrile oxide cycloaddifions are (a) 
Nifrile oxide cycloaddifions to 1,2-disubstituted alkenes are sluggish, the dipoles 
undergoing facile dimerization to furoxans in most cases; (b) the reactions of nitrile 
oxides with 1,2-disubstituted alkenes nonregioselective; (c) stereo- and regiocontrol 
of this reaction by use of external reagents are not yet well developed; and (d) there 
are few examples of catalysis by Lewis acids known, as is true for catalyzed 
enantioselective reactions. 

No reliable methods for stereo- and regiocontrol of nitrile oxide cycloaddition 
reactions to alkene dipolarophiles were available before 1991. The first successful 
example for the control of nitrile oxide cycloadditions by the use of a metallic 
external reagent was reported by Kanemasa et al. in 1994 (130). His group 
developed a new method for the generation of nitrile oxide-Lewis acid complexes 
involving the treatment of hydroximoyl chlorides with organometallic bases such 
as butyllithium, ethylmagnesium bromide, and diethylaluminum chloride 
(131). Therein, metalation of the highly acidic hydroximoyl chloride hydrogen 
was followed by 1,3-elimination of the metal chlorides. The resulting nitrile 
oxides and metal chlorides, which behave as Lewis acids, coordinate to each 
other. Thus, the benzonitrile oxide-MgBrCl complex is formed when benzhy- 
droximoyl chloride is treated with a ethylmagnesium bromide. Reaction of 
this magnesium complex with methyl 2-hydroxymethylacrylate shows reversal 
of the diastereoselectivity of the cycloaddition as compared to free benzonitrile 
oxide. 
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11.2.2. Magnesium Ion-Mediated Reactions 

11.2.2.1. Diastereocontrol of Nitrile Oxide Cycloadditions 

Kanemasa et al. (130) found that nitrile oxides show high reactivity with allylic 
alcohols when magnesium ions are present in the reaction. For example, without 
magnesium ion, the reaction of henzonitrile oxide with l-penten-3-ol is slow and 
nonstereoselective, a 67:37 mixture of syn- and anti-cycloadducts being produced 
in a combined yield of 40%. On the other hand, when the reaction is run with the 
magnesium salt of l-penten-3-ol in dichloromethane, a quantitative yield of the 
syn-cycloadduct is produced as the sole product (Scheme 11.27). This highly syn- 
selective reaction is applicable to a variety of a-substituted allylic alcohol 
substrates. This rate enhancement and high diastereoselectivity is specific to 
magnesium ions; other metal ions such as lithium, zinc, and aluminum are 
ineffective, showing little improvement of stereoselectivity. The presence of alcohol 
additives such as isopropyl alcohol, if in small excess, does not affect the reaction, 
except that the reaction slightly accelerated (130,131). 



11.2.2.2. Regiocontrol of Nitrile Oxide Cycloadditions 



Although monosubstituted alkenes usually show relatively high reactivity in 
nitrile oxide cycloadditions to give 5-substituted-2-isoxazolines in a regioselective 
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manner, multisubstituted alkene dipolarophiles such as 1,2-disubstituted and 1,1,2- 
trisubstituted alkenes are much less reactive. For example, the nitrile oxide 
cycloaddition reaction between benzonitrile oxide and crotyl alcohol is poor, 
both in terms of reactivity and regioselectivity, producing a 46:54 mixture of 
regioisomeric cycloadducts in a combined yield of 46% (Scheme 11.28). In 
reactions with trisuhstituted alkenes, the regioselectivity is mainly determined by 
a steric effect to produce the regioisomeric cycloadducts in which the more 
substituted olefinic carbon combines with the oxygen atom of nitrile oxides. On 
the other hand, nitrile oxide cycloadditions with substituted allylic alcohols as their 
magnesium salts produces 2-isoxazoline-5-methanol regioisomers selectively 
(Scheme 11.28) (130,132). This high regiocontrol is applicable to a variety of 
multisubstituted allylic alcohols. 

Both the (E)- and (Z)-isomers of the magnesium salt of 2-hexen-l-ol show high 
regioselectivities in favor of 2-isoxazolin-5-methanol derivatives. Although cinna- 
myl alcohol gives the 2-isoxazoline-4-methanol as the major regioisomer under 
thermal conditions due to the electronic directing effect by the y-phenyl substituent, 
the magnesium ion-mediated reaction shows reversal of the regioselectivity to 
produce the 2-isoxazoline-5-methanol regioisomer exclusively. The thermal reac- 
tion with 3-methyl-2-buten-l-ol is completely controlled by steric effects, giving 
only the 2-isoxazoline-4-methanol product, while completely reversal of the 
regioselectivity results in the presence of magnesium ions, albeit in low yield. 

Since a magnesium alkoxide undergoes rapid ligand exchange with free alcohols 
even in dichloromethane at ambient temperature, the regiocontrol of nitrile oxide 
cycloadditions of multisubstituted allylic alcohols can be effectively attained 
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simply by adding the magnesium alkoxide of other alcohols (Scheme 1 1 .29). The 
procedure is simple: a nitrile oxide is generated in dichloromethane from the 
hydroximoyl chloride precursor and triethylamine in the presence of allylic 
alcohols, then a slight excess of hutoxy magnesium bromide is added. By this 
modified method, highly regioselective nitrile oxide cycloadditions can he achieved 
(130,132). Both the regioselectivity and yield are improved. 

11.2.2.3. Solvent Effects 



Proper selection of the reaction solvent is important to attain high yields and 
selectivities, especially in reactions using a-suhstituted terminal allylic alcohols. 
Less coordinating solvents such as dichloromethane or toluene should he employed. 
With THF as the solvent, magnesium ion coordination slows the rate and lowers the 
diastereoselectivities (Scheme 11.30), which indicates that chelation plays an 
important role in the transition state structure of the magnesium ion-mediated 
reaction. 

On the other hand, the regioselectivity is not seriously affected hy the choice of 
reaction solvent. Even when THF is used in the reaction with crotyl alcohol, the 
2-isoxazoline-5 -methanol regioisomer is the only product produced (Scheme 11.31). 
The reaction rate is decreased in THF, but is still much faster than that in the 
absence of magnesium ions. Kanemasa et al. (130) concluded that the magnesium- 
mediated nitrile oxide cycloadditions to allylic alcohols compete with the thermal 
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reactions so that use of coordinating solvents such as THF decreases the mediated 
reactions. As a result, selectivities are relatively lowered. The reactivity of multi- 
suhstituted allylic alcohol substrates in nitrile oxide cycloaddition reactions is much 
less than that of terminal allylic alcohols, so that the rate difference between the two 
reaction conditions is small in the cases of terminal allylic alcohols. This is why 
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reactions with terminal allylic alcohols are more sensitive to the coordinating 
ability of reaction solvent (130). It is again interesting to note that the addition of a 
small amount of an alcohol increases the rates of magnesium ion-mediated nitrile 
oxide cycloaddition reactions. 

The magnesium ion-mediated nitrile oxide cycloadditions of allylic alcohols can 
be explained with a chelated transition state structure (Scheme 11.32). The 
magnesium ion of the allylic magnesium alkoxides is coordinated to the nitrile 
oxide. The metal ion serves to bind both the 1,3-dipole (nitrile oxide) and the 
dipolarophile (allylic alcohol) to activate them via an intramolecular cycloaddition 
reaction. Accordingly, this reaction is regarded as a metal-tethered intramolecular 
1,3-dipolar cycloaddition reactions. The cycloadducts are always regioselective, 
giving 2-isoxazoline-5-methanol derivatives. When the allylic alcohol substrates 
are substituted at the a-position, the sterically more favored transition structure A 
participates in the reaction giving syn cycloadducts (130). 

11.2.2.4. Kinetics 



Based on the competitive cycloaddition reactions of benzonitrile oxide to a 
mixture of a magnesium allylic alkoxide and the reference dipolarophile norbor- 
nene, kinetic data in the form of relative reaction rates were collected and are 
shown in Table 11.1 (130,132,133). Reactions using the benzonitrile oxide- 
magnesium bromide chloride complexes and free allylic alcohols (reaction M) 
are only ~10 times faster than the reactions in the absence of magnesium ions 
(reaction L). On the other hand, reactions using benzonitrile oxide and the 
magnesium allylic alkoxides (reaction N) are much faster. Rate acceleration 
(N/L) in the reactions with magnesium alkoxides is larger for the internal allylic 
alcohols than for the terminal alcohols. The maximum rate acceleration factor of 
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TABLE 11.1. KINETIC DATA IN THE EORM OF RELATIVE REACTION RATES 



Terminal Allylic Alcohols 

Me 



Me Me 



Internal Allylic Alcohols 



.OH 




.OH 


n-Pr OH 


Me 


,,^OH 



M-Pr Me 



Homoallylic Alcohols 




Entry 


Dipolarophile 


Reaction L“ Reaction M“ 


Reaction 


M/L 


N/L 


1 


Norbornene 


1 


1 


1 










Terminal Allylic Alcohols 








2 


2-Propen- l-ol 


0.064 (1) 


0.79 


130 (1) 


12 


2,030 


3 


2-Methyl-2-propen- 1 -ol 


0.031 (0.5) 


0.42 


19 (0.1) 


14 


610 


4 


3-Buten-2-ol 


0.059 (0.9) 


0.46 


14 (0.1) 


8 


240 


5 


2-Methyl-3-buten-2-ol 


0.048 (0.8) 


0.14 


3.6 (0.03) 


3 


75 






Internal Allylic 


Alcohols 








6 


(E)-2-Buten-l-ol 


0.0013 (0.02) 


0.014 


9 (0.07) 


11 


6,900 


7 


(E)-2-Hexen-l-ol 


0.0012 (0.02) 


0.012 


3.8 (0.03) 


10 


3,170 


8 


(Z)-2-Hexen-l-ol 


0.00056 (0.009) 


0.0063 


3 (0.02) 


11 


5,360 


9 


(E)-3-Penten-2-ol 


0.0009 (0.01) 


0.0079 


0.76 (0.006) 


9 


840 


10 


3-Methyl-2-buten- 1 -ol 


0.00022 (0.003) 


0.0013 


3.6 (0.03) 


6 


16,000 






Homoallylic Alcohols 








11 


3-Buten-l-ol 


0.041 (0.6) 


0.34 


20 (0.2) 


8 


490 


12 


4-Penten-2-ol 


0.034 (0.5) 


0.18 


1.3 (0.01) 


5 


40 


13 


(E)-3-Hexen-l-ol 


0.00098 (0.02) 


0.0072 


0.1 (0.0008) 


7 


100 


14 


(Z)-3-Hexen-l-ol 


0.00032 (0.005) 


0.0024 


0.2 (0.002) 


8 


625 






Other Olefins 








15 


3-Buten-2-one 


0.82 


0.82 


1 






16 


Methyl acrylate 


0.39 


0.44 


1 






17 


3-Phenylpropene 


0.012 


0.018 


2 







“Reaction L: PhCNO and free alcoholic forms of dipolarophiles were used. 
“Reaction M: PhCNO MgBrCl and free alcoholic forms of dipolarophiles were used. 
“Reaction N: PhCNO and the magnesium alkoxides of dipolarophiles were used. 



N/L recorded was 16,000 for the reactions using the magnesium alkoxide of 
3-methyl-2-huten-l-ol as a multisuhstituted internal allylic alcohol substrate, which 
is why regiocontrol is still effective in the reactions in a highly coordinating solvent 
such as THF. Rate enhancement is much lower in the nitrile oxide cycloaddition 
reactions using homoallylic alcohol substrates. 
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Effect of External Reagents 



Chemoselectivity, regioselectivity, and diastereoselectivity in benzonitrile oxide cycloadditions 




N-0 




X = MgBr: 94% as the single product (>99:1) 
X = H: 100% (four isomers = 67:23:17:16) 




With n-BuMgBr (1.3 equiv): 
None: 



26% as the single product 
67% (three isomers = 40:33:27) 



With 



N-0 




CH=CHMe 



With n-BuMgBr (1.3 equiv): 88% as the single product 

None: 67% (four isomers = 44:42:7:7) 



Scheme 11.33 



11.2.2.5. Chemoselectivity 



The reaction of benzonitrile oxide with a substrate bearing both allylic and 
homoallylic alcohol functionalities in the absence or presence of magnesium ion 
provides very different chemo- and diastereoselectivities (Scheme 11.33) (130). 
Since the both alkenes are terminal, it was expected that the cycloadditions would 
proceed regioselectively to give 5-substituted 2-isoxazolines. The reaction mediated 
by magnesium ion proceeded in an entirely syn-selective manner. However, the 
reaction without magnesium ion gave a mixture of four isomers. 3-Penten-2-ol is an 
internal alkene and bears a chiral center. The benzonitrile oxide cycloaddition to 
this alkene was regioselective in the presence of magnesium ion, whereas four 
isomers were formed in the absence of magnesium ion. When dipolarophiles bear 
two internal alkenes, one of which is allylic, the magnesium ion-mediated reactions 
are exclusively chemoselective, producing single regioisomers of cycloadducts at 
only the allylic alkenes. These examples indicate the high reliability of the 
magnesium ion-mediated nitrile oxide cycloaddition methodology. 
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11.2.2.6. Catalytic Cycle 



Information about the catalytic cycle of magnesium ion-mediated nitrile oxide 
cycloadditions has been gathered by Kanemasa et al. (134). This data is relevant to 
the possibility of using the magnesium ion mediated nitrile oxide cycloaddition 
with allylic alcohols in an enantioselective fashion. When stoichiometric amounts 
of magnesium ion are reduced to 10 mol% in competitive reactions of mesitylnitrile 
oxide with norbornene and 2-propen- l-ol, a turnover number of 8.3 is observed. 
With a 1 mol% of magnesium ion, the turnover number is improved to 34. This 
means that the magnesium ion can be effectively liberated from the hidentate- 
chelated product/magnesium ion complex (Scheme 11.34). Other important infor- 
mation observed is (a) a concentration effect on the reaction rate and (b) ligand- 
based rate acceleration. The reaction rate becomes faster under dilute conditions 
and the addition of a bidentate ligand of the bisether type increases the reaction 
rate. However, no successful examples of catalyzed asymmetric reactions of the 
magnesium ion-mediated nitrile oxides have yet been achieved. 



Mesityl-CNO H- 




5 h at rt 



CH2CI2 



Mesityl 



N-O 

// 



CH 2 OH 



Yield/% Tunover No. 

Uncatalyzed 6 — 

X = MgBr(0.1) 89 8.3 

X = MgBr (0.01) 40 34 



Mesityl-CNO 4- 





5 h at rt 



CH 2 CI 2 




Mesityl 



and/or 



N-O 

// 



Mesityl 



CH 2 OH 





M 


Yield (%) 


Product ratio 


Rate acceleration 


Uncatalyzed 


0.05 


97 


1:5.9 


1 


H, MgBr2-OEt2 (1) 


0.05 


100 


3.1:1 


18 


H, MgBr2-OEt2 (1) 


0.005 


95 


12.1:1 


72 


X = MgBr(l) 


0.005 


99 


71:1 


419 


X = MgBr(l)‘’ 


0.005 


100 


116:1 


684 



‘^rac-l,2-bis(benzyloxy)-l,2-diphenylethane (1 equiv). 



Scheme 11.34 
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COOMe + Mesityl-CNO 



OH 



N-0 
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OH 
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Scheme 11.35 



11.2.2.7. Related Work and Applications 



Fisera and co-workers (135,136) investigated the Mg(II) ion-mediated nitrile 
oxide method for the reaction between mesitylnitrile oxide and a-methylene-p- 
hydroxy esters (Baylis-Hillman adducts). This reaction is exclusively diastereose- 
lective even at high temperatures (80 °C) in the absence of Mg(II) ion when an 
appropriate dipolarophile such as methyl 3-hydroxy-2-methylene-4-methylpentano- 
ate is chosen, the M/-stereoisomeric cycloadduct being produced as the single 
product (Scheme 11.35). It is interesting that a complete reversal of diastereos- 
electivity is observed, giving the Zk-isomer, when an equimolar amount of MeMgBr 
is present in the same reaction. It is concluded that intramolecular chelation 
between the hydroxyl oxygen and the ester oxygen is preferred in this case rather 
than intermolecular chelation. Although not so dramatic, some previous examples 
of the reversal of diastereoselectivity by the presence of metallic ions in nitrile 
oxide cycloadditions to allylic alcohol substrates are also known (131,137). 

Carreira and co-workers (138) successfully applied the Mg(II) ion-mediated 
nitrile oxide cycloaddition method to the total synthesis of epothilones A and B 
(Scheme 11.36). The key step in the synthesis was a hydroxyl-directed syn- 
selective nitrile oxide cycloaddition using a phosphorus-functionalized aliphatic 
nitrile oxide. This cycloaddition step served not only to introduce a heterocycle- 
substituted appendage into the skeleton of the epothilones, but also to assemble two 
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*"» - Epothilone A 

many steps 



(a) ?-BuOCl in CH 2 CI 2 . (b) 1.3 equiv of (/?)-3-buten-2-ol, 
3.3 equiv of i-PrOH, 3 equiv of EtMgBr, rt. (c) LiCl, DBU, 
2-methylthiazole-4-carboxaldehyde in MeCN, rt 




Scheme 11.36 



hydroxyl-bearing stereocenters of the skeleton in a stereoselective fashion. This 
hydroxyl-directed nitrile oxide cycloaddition methodology is also useful as a 
general solution to the synthesis of polyketide building blocks. Carreira has further 
utilized the regio- and diastereoselective nitrile oxide cycloaddition as key reaction 
in an efficient synthesis of erythronolide A seco-acid (139). 

11.2.3. Lewis Acid Mediated Diastereoselective Reactions 

Yamamoto and co-workers (135,135-137) recently reported a new method for 
stereocontrol in nitrile oxide cycloadditions. Metal ion-catalyzed diastereoselective 
asymmetric reactions using chiral electron-deficient dipolarophiles have remained 
unreported except for reactions using a-methylene-P-hydroxy esters, which were 
described in Section 11.2.2.6. Although synthetically very useful and, hence, 
attractive as an entry to the asymmetric synthesis of 2-isoxazolines, the application 
of Lewis acid catalysis to nitrile oxide cycloadditions with 4-chiral 3-(2-alkenoyl)- 
2-oxazolidinones has been unsuccessful, even when > 1 equiv of Lewis acids are 
employed. However, as shown in the Scheme 11.37, diastereoselectivities in favor 
of the /k-cycloadducts are improved (diastereomer ratio = 96 : 4) when the 
reactions are performed in dichloromethane in the presence of 1 equiv of MgBr 2 
at higher than normal concentrations (0.25 vs 0.083 M) (140). The Lewis acid 
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Ph 




. o 

O O 



+ PhC(Cl)=NOH 



LA in CH 2 CI 2 



0.083 or 0.25 M 




Znl2(1.2) 0.17 45:55 

MgBr2(1.0) 0.083 71:29 

MgBr2 (0.5) 0.083 48:52 

MgBr2(1.0) 0.25 96:4 

Scheme 11.37 

(MgBr 2 ) is incorporated between the carbonyl oxygens of the acceptor substrate, so 
that only one diastereoface of the activated alkene of the acceptor is susceptible to 
attack by the nitrile oxide. 

Yamamoto et al. (141,142) succeeded in carrying out catalytic versions of the 
above reaction by using of a slow in situ generation of the nitrile oxide by the slow 
addition of triethylamine to a acetonitrile solution of the hydroximoyl chloride 
precursors. Both MgBr 2 and Yb(OTf )3 are effective as promoters in these cases. 
The use of Lewis acid-alcohol mixtures such as Mg(C 104 /EtOH (1:1) and 
La(OTf) 3 /i-PrOH (1:1) is even more effective (Scheme 11.37). 



11.2.4. Other Mediators in Nitrile Oxide Cycloadditions 



Regiocontrol of nitrile oxide cycloadditions through inclusion complexes has 
been reported by Easton and co-workers (143). The 1,3-dipolar cycloaddition of 

4- tcrt-butylbenzonitrile oxide with 6''^-acrylamido-6^-deoxy-P-cyclodextrin in aqu- 
eous solution favors the formation of the 4-substituted isoxazoline (4-Amide/ 

5- Amide = 2.3:l, Scheme 11.38). This regioselectivity is in sharp contrast to the 
normal predominance of the 5-substituted regioisomer using monosubstituted 
alkene dipolarophiles. This reversal of regioselectivity is thought to occur through 
self-assembly of the reactants within the cyclodextrin annulus, since the relative 
stability of the inclusion complexes should be dependent on the nature of the 
reaction solvent, which has actually been observed. The same reaction in DME 
provides the opposite regioselectivity (4- Amide/5 -Amide = 1:4). 
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+ 




296 K, 15 h 
in water 




Researchers at Scripps demonstrated the hrst successful example of an antibody- 
catalyzed regio- and enantiocontrolled 1,3-dipolar cycloaddition. In order to control 
the regiochemistry of a nitrile oxide cycloaddition reaction with A^,A^-dimethyla- 
crylamide, they designed a derivative of o-amino-MAf-dimethylbenzamide A as a 
hapten (Scheme 11.39) (144). Two of fifteen monoclonal antibodies generated 
against hapten A catalyze the completely regioselective formation of 5-(N,N- 
dimethylcarbamoyl)isoxazoline with multiple turnovers (>50). The most efficient 
antibody, 29G12, catalyzes this dipolar cycloaddition with good enantioselectivity 
to give 5-(A,A-dimethylcarbamoyl)isoxazoline with up to 98% ee. Although the 
hapten utilized is achiral, the antibody has created chirality in the cycloadduct, 
because the immune system, by nature of its inherent chirality, has produced a 
stereochemical environment capable of exquisite stabilization of one enantiomeric 
transition state in the reaction. 

Wilcox and co-workers (145) reported that the stereoselectivity of 1,3-dipolar 
cycloaddition reactions can be controlled in a predictable manner when ion pairs 
are located at a proper position near the reaction site (Scheme 11.40). He has 
employed an A-phenylmaleimide substrate having a chiral center in the substituent 
at ortho position of the phenyl group. Due to serious steric hindrance, this phenyl 
group suffers hindered rotation around the aryl-nitrogen bond (rotation barrier: 
22 kcal/mol). Four diastereomeric cycloadducts are possible in the cycloaddition 
step with a nitrile oxide. When the cycloaddition reaction is carried out in 
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Ac = acetyl 



Scheme 11.39 



chloroform, one diastereomer B was selectively produced (A/B/C/D = 0:20: 1:2). In 
the transition structure producing isomer B, the positively charged ammonium 
group interacts with the negatively charged nitrile oxide oxygen to afford high 
regio- and diastereofacial selectivity, producing B as the major product. 

A general method for the preparation of enantiomerically pure 4-hydroxy-2- 
isoxazolines has been reported by Wallace (146). The hrst version involved nitrile 
oxide cycloadditions with vinylboronic esters, leading to the regioselective forma- 
tion of 2-isoxazoline-4-boronates, which were then oxidized with tert-butyl hydro- 
peroxide to give 4-hydroxy-2-isoxazolines. This reaction occurred with the 
retention of the conhguration of the starting alkenes (Scheme 11.41). Sodium 
percarbonate (Na 2 C 03 - 5 H 202 ), known as a “solid form” or “dry carrier” of 
hydrogen peroxide, was found to work effectively both as a base for the nitrile 
oxide generation and as an oxidizing reagent. Thus, the chiral vinyl boronates 
derived from Oppolzer’s camphor sultam have been applied successfully to the 
production of enantiopure 4-hydroxy-2-isoxazolines in good chemical yields and 
with high diastereoselectivities. When sodium percarbonate was used in aqueous 
THF, the chiral auxiliary was cleaved under the reaction conditions to give, after a 
one-pot esterihcation with diazomethine, enantiopure methyl 4-hydroxyl-2-oxazo- 
line-5-carboxylate in good yield (147). 
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Scheme 11.40 



11.2.5. Catalyzed Enantioselective Reactions 

Many groups have tackled the development of catalytic asymmetric versions of 
nitrile oxide cycloaddition reactions using chiral Lewis acid catalysts. However, 
Ukaji is the first and the only chemist who has succeeded in the achievement of 
such processes involving nitrile oxide cycloaddition reactions. He studied reactions 
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Ph 



X = R = Br (66%) 

X = Cl, R = COOEt (87%) 




87% 

OH 
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80% 
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Na2C03*1.5H202 
in THF at 0 °C 

(2) H 2 O 

(3) CH2=N2 



OH 

MeOOC 

O'N 

76% 

OH 

MeOOC 

VcH20CH2Ph 

O'N 

68% 



Scheme 11.41 



between nitrile oxides and allylic alcohols in the presence of zinc catalysts modified 
by the addition of chiral ligands derived from natural tartaric acid. Although his 
pioneering work is a great contribution to the development of this field, the catalytic 
efficiency is not yet satisfactory, since the rate enhancement of the catalyzed 
reactions is so far insufficient. Accordingly, this research field still remains as a 
large challenge. Detailed results have been discussed elsewhere in this book, and 
therefore only the relevant references are cited here (148-155). 

11.3. NITRONES 

11.3.1. Introduction 



Nitrones are the most widely studied of the 1,3-dipoles in the field of catalyzed 
enantioselective 1,3-dipolar cycloaddition reactions. Effective catalysis using a 
variety of chiral Lewis acid catalysts has been reported for the nitrone cycloaddition 
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reactions using both electron-deficient and electron-rich dipolarophiles (6,156,157). 
The conceptual origin of this work is no doubt a short communication in 1992 from 
Kanemasa’s group, which will be described in Section 11.3.2 (158). 

The use of mediators to improve reactivity or selectivity in nitrone cycloaddition 
chemistry begins with the nitrone generation step. As is well known, the N-alkyla- 
tion of oximes provides one of the most direct and convenient synthetic routes to 
N-alkylated nitrones from readily available aldehydes and ketones. Electrophilic 
mediators have been employed to activate alkenes for N-alkylation, both in intra- 
molecular and intermolecular reactions. They include activation of the internal 
alkene function by the action of (a) strong nonmetallic electrophiles such as phenyl- 
selenenyl sulfate (159), and (b) metallic catalysts such as Ag(I) (160) and Pd(II) ions 

(161) . The use of (c) external electrophilic alkenes such as a,P-unsaturated ketones 

(162) , esters (163), sulfones (164,165), and nitriles (163) leads to N-alkylation of 
oximes in the presence of mediators, providing an important route to N-alkyl 
nitrones. However, it is not clear that these promoters work effectively to improve 
reactivity and/or selectivity of the cycloaddition steps of the resulting nitrones. 
Accordingly, the author will not describe these generation methods in detail. 

One exception is the reaction of acetone oxime with divinyl ketone in the 
presence of an equimolar amount of zinc(II) bromide (162). Acetone oxime reacts 
with divinyl ketone on heating in THE at reflux, leading to both conjugate addition 
and nitrone cycloaddition, producing a 5:1 mixture of regioisomers with 8-oxa-l- 
azabicyclo[3.2.1]octan-4-one as the major isomer (Scheme 11.42). On the other 
hand, in the presence of an equimolar amount of zinc(II) bromide, 7-oxa-l- 
azabicyclo[3.2.1]octan-4-one is the major isomer (97:3) in a total yield of 97%, 
indicating that the Lewis acid has controlled the regioselectivity of the second step, 
namely, the cycloaddition. 

11.3.2. Titanium Ion-Mediated Reactions 

A chelating enone employed in a Lewis acid catalyzed nitrone cycloaddition 
reaction should result in a rate enhancement. The first example of such catalysis 




Reflux in THF 



Scheme 11.42 
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Scheme 11.43 



was reported in the nitrone cycloadditions to (Zt)-l-benzyloxy-3-penten-2-one 
(158). The reaction proceeds in the presence Ti(Ot-Pr) 2 Cl 2 at 0°C, whereas it 
requires 80°C without the Lewis acid catalyst (Scheme 11.43). Although the 
reaction of nonchelating (£)-3-penten-2-one as a reference dipolarophile is accel- 
erated hy the catalyst, the stereoselectivity is not improved over the purely thermal 
process. On the other hand, the Ti(Oi-Pr) 2 Cl 2 mediated reaction of chelating (£)-l- 
benzyloxy-3-penten-2-one leads to the exclusive formation of the endo-cycloadduct. 

The regioselectivity of nitrone cycloadditions is usually effected by both steric 
and electronic factors. In nitrone cycloadditions of monosubstituted electron- 
dehcient alkenes under thermal conditions, electronic control steers the nitrone 
oxygen to the P-carbon of acceptor, whereas steric factors direct it to the a-carbon. 
Accordingly, a mixture of two regioisomers is produced under thermal conditions, 
as shown in Scheme 11.44 for dimethyl 2-oxo-3-butenylphosphonate. With Ti(0 
/-Pr) 2 Cl 2 , which coordinates in a bidentate chelated fashion with this dipolarophile, 
only the 4-acyl regioisomer is produced (158). 

Scheme 11.45 shows a proposal for the transition state involved in a related 
Lewis acid catalyzed cycloaddition where a disubstituted dipolarophile is used and 
endo/exo issues are examined. By coordination of the bulky titanium Lewis acid 
catalyst, the a-carbon of the acceptor becomes sterically more hindered, disfavoring 
exo-approach, which involves a serious steric interaction of the benzylidene phenyl 
moiety with the ligands on the titanium ion. Accordingly, the endo-cycloadduct is 
the only product observed. 

High regiocontrol is based on the predominant contribution of electronic factors. 
Since the nitrone carbon and the a-carbon of the acceptor are the sterically more 
hindered termini in each reagent, the formation of the electronically contro- 
lled regioisomer (e.g., the 4-acylisoxazolidines) should be much less favored. 
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Scheme 11.44 



Nevertheless, this regioisomer is the only one produced in the catalyzed reaction, 
indicating that electronic factors have become dominant as a result of coordination 
to the Lewis acid. 

11.3.3. Magnesium Ion-Mediated Reactions 



High stereo- and regiocontrol in nitrile oxide cycloadditions to allylic alcohols 
in the presence of magnesium ions (see Section 11.2.2) makes extension of this 
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Scheme 11.45 
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Scheme 11.46 



methodology to nitrones an attractive endeavor. Cycloaddition of A^-benzoyl- 
methyleneaniline N-oxide with either the magnesium alkoxide of 2-propen- l-ol 
or 2-propen- l-ol in the presence of MgBr 2 -Et 20 produces the exo-isomer of the 
isoxazolidine-5-methanol cycloadduct as the sole product (Scheme 11.46). How- 
ever, similar reactions using the zinc alkoxide or the allyl alcohol in the presence of 
ZnBr 2 gives the ring-fused isoxazolidine as either hemiacetal or acetal derivatives. 
It is interesting that the regioselectivities of nitrone cycloadditions with allyl 
alcohol show such divergent behavior depending on the metal ions (166). 

The magnesium ion-mediated reaction of crotyl alcohol leads to the exclusive 
formation of the exo-isomer of the isoxazolidine-5-methanol cycloadduct, showing 
regioselectivity opposite to that found in the uncatalyzed reaction (Scheme 11.47). 

The magnesium ion-mediated nitrone cycloadditions of an a,Y-disubstituted 
allyl alcohol are stereoselective, and show opposite regioselectivity to that observed 
when zinc-mediated reactions are examined (Scheme 11.48) (167). The exo-syn- 
isomer of the isoxazolidine-5-alcohol regioisomer and the exo-syn-isomer of the 
isoxazolidine-4-alcohol regioisomer are the exclusive cycloadducts in the magne- 
sium- and zinc-mediated reactions, respectively. 

The above dramatic dependence of regio- and stereoselectivity on the nature of 
the metal can be explained by the reaction mechanism shown in Scheme 11.49 
(167). The nitrone cycloadditions of allylic alcohols are again magnesium-specific 
just like the nitrile oxide reactions described in Section 11.2.2. Magnesium ions 
accelerate the reaction through a metal ion-bound intramolecular cycloaddition 
path. On the other hand, zinc ions afford no such rate acceleration, but these ions 
catalyze the acetalization at the benzoyl carbonyl moiety of the nitrone to provide a 
hemiacetal intermediate. The subsequent intramolecular regio- and stereoselective 
cycloaddition reaction gives the observed products. 
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Scheme 11.47 



Carbonyl- substituted nitrones are formed as mixture of (E)- and (Z)-stereo- 
isomers. By coordination to a Lewis acid, the (Z)-isomers are expected to be more 
stabilized due to tight complexation. Thus, a 2.8:1 (fs/Zl-mixture of A^-(methoxy- 
carbonylmethylene)methylamine A?-oxide isomerizes to the (Z)-isomer in the 
presence of MgBr 2 -Et 20 and undergoes a regio- and exo-selective cycloaddition 
reaction to 2-propen- 1 -ol to give the isoxazolidine-5-methanol as a single product 
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(Scheme 11.50) (168). On the other hand, a 1:1 stereoisomeric mixture of the 
cycloadducts is formed in the absence of MgBr 2 • Et 20 . 

The magnesium ion-mediated nitrone cycloaddition methodology can be suc- 
cessfully applied to the asymmetric reactions of a chiral cyclic nitrone of the 
lactone type (Scheme 11.51) (169). Although (l?)-2(//)-oxo-5-phenyl-5,6-dihydro- 
1,4-oxazine A-oxide is an (£’)-nitrone, all of its reactions are highly diastereose- 
lective, producing isoxazolidine 5-alcohol cycloadducts. The chelated transition 
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Scheme 11.51 



state structure shown is responsible for the high diastereofacial selectivity. When 
allylic alcohols having a-chirality are employed in a large excess, the ji-face 
selectively participates in the reaction, albeit the diastereoselectivities are modest. 



11.3.4. Transesterification-Dipolar Cycloadditions 



Tamura et al. (170-172) discovered that, when reactions of ester-substituted 
nitrones with allylic alcohols are performed in the presence of an equimolar amount 
of titanium tetraisopropoxide under heating or at room temperature, transesterifica- 
tion takes place to form new nitrones bearing an inner alkene dipolarophile. The 
resulting nitrone substrates undergo regio- and stereoselective intramolecular 
cycloaddition reactions to give the ring-fused isoxazolidines (Scheme 11.52). 
This tandem transesterification/[3 -I- 2] -cycloaddition method leads to the selective 
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formation of ring-closed derivatives of isoxazolidine-4-alcohol derivatives starting 
from a variety of allylic alcohols. In the presence of 4-A molecular sieves, the 
amount of titanium tetrachloride catalyst can be reduced to 10 mol%. A large rate 
acceleration is achieved using a cleavable ester tether, which is an advantage of this 
tandem reaction. 

The tandem transesterification/[3 + 2] -cycloaddition methodology is be a power- 
ful synthetic tool, since it guarantees high diastereoselectivity even under thermal 
conditions. It has been successfully applied to synthetic work of the N-terminal 
amino acid component of Nikkomycin Bz (Scheme 11.53) (173). Thus, the sugar- 
based oxime is condensed with a glyoxylate hemiacetal to produce a chiral nitrone 
ester, which is then reacted with (£)-p-methoxycinnamyl alcohol in the presence of 
a catalytic amount of TiClq at 100 °C. After the intramolecular cycloaddition, the 
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Nikkomycin Bz 



(a) Methyl glyoxylate hemiacetal, toluene reflux, (b) (£)-p-Methoxycinnamyl alcohol, 
cat TiCU, MS 4 A, 100 °C, 75%. (c) Mo(CO), 5 , MeCN/HjO (10:1), 1% HCl/MeCN; B 0 C 2 O, MeCN, 
53%. (d) MsCl , EtjN in CH 2 CI 2 , Nal, n-BujSnH in 1 ,2-dimethoxyethane (DME), 80 °C, 65%. 



Scheme 11.53 



N— O bond of the isoxazolidine is reductively cleaved. A sequence of translacto- 
nization, mesylation, and homolytic reduction leads to the lactone form of the target 
amino acid. 

Achiral ester-substituted nitrones as well as chiral nitrones can be employed 
in diastereoselective asymmetric versions of tandem transesterification/[3 + 21- 
cycloaddition reactions, as shown in Scheme 11.54 (174). High diastereoselectivity 
and excellent chemical yields have been observed in the reaction with a (Z)-allylic 
alcohol having a chiral center at the a-position in the presence of a catalytic amount 
of TiCl 4 . On the other hand, the reaction with an (£T)-allylic alcohol having a chiral 
center at the a-position, under similar conditions, affords very low selectivities. 
Tamura et al. has solved this problem with a double chiral induction method. Thus, 
high diastereoselectivity has been attained by use of a chiral nitrone. 
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11.3.5. Catalyzed Enantioselective Reactions 



Among the various 1,3-dipolar cycloaddition reactions, nitrone cycloadditions 
have been the most widely studied in this half decade from the standpoint of 
enantioselective catalysis (6,13). Pioneers are both Jprgensen and co-workers (175) 
and Scheeren et al. (176). Although the reaction types are quite different from each 
other, both groups reported in 1994 the first successful catalyzed enantioselective 
nitrone cycloaddition reactions using both achiral nitrones and alkenes by the aid of 
homochiral Lewis acid catalysts. After pioneering contributions by the Jprgensen’s 
group (177-184) as well as other groups including Furukawa and co-workers (185- 
190), Kobayashi and co-workers 191 (187), Kanemasa et al. 192 (188), Scheeren 
et al. 193, 194 (189,190), and others (195,196), these reactions have been elevated 
to a high level of diastereoselectivity, enantioselectivity, and catalytic efficiency. 
Details may be found Chapter 12 by Gothelf and Jprgensen. 

11.4. REACTIONS INVOLVING OTHER 1,3-DIPOLES 

11.4.1. Carbonyl Ylides 

Suga et al. (197) reported the hrst stereocontrolled 1,3-dipolar cycloaddition 
reactions of carbonyl ylides with electron-dehcient alkenes using a Lewis acid 
catalyst. Carbonyl ylides are highly reactive 1,3-dipoles and cannot be isolated. 
They are mainly generated through transition metal carbenoid intermediates 
derived in situ from diazo precursors by treatment with a transition metal catalyst. 
When methyl o-(diazoacetyl)benzoate is treated with A-methylmaleimide at reflux 
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Rh 2 (OAc) 2 : reflux in benzene, 70% {endolexo = 1 1:89) 
CuCl: reflux in benzene, 81% (endolexo = 26:74) 

CuCl + Yb(OTf) 3 : reflux in benzene, 52% (endolexo = 94:6) 



Scheme 11.55 



in benzene in the presence of a catalytic amount (5 mol%) of Rh 2 (OAc )2 or CuCl, 
the catalyst for the generation of the carbonyl ylide via electrophilic attack of the 
carbenoid onto the ester carbonyl oxygen, a mixture of endo- and exo-cycloadducts 
are produced in good combined yields (Scheme 1 1.55). The exo-isomer is the major 
product of this reaction (endo/exo=l 1:89-26:74). However, with Lewis acidic 
transition metal catalysts such as Cu(OTf )2 or CuOTf, the endo-isomer becomes the 
major product (endo/exo = 87:13-82:18). It is interesting that high endo- selectivity 
(endo/exo = 94:6) is observed when the same reaction is catalyzed by combined 
catalysts containing CuCl (5 mol%) and Yb(OTf) 3 . This indicates that the 
cocatalyst Yb(OTf )3 activates the cycloaddition reaction either by coordination to 
the maleimide carbonyl oxygen or the ylide carbonyl oxygen. 

Reactions of the same carbonyl ylide intermediate with aldehydes are even more 
fruitful. The Rh 2 (OAc )2 catalyzed reaction proceeds at room temperature in the 
presence of 2 mol% of the catalyst, but the diastereoselectivity is disappointingly 
low (endo/exo = 49:51, Scheme 11.56). However, when 10 mol% of the 
cocatalyst Yb(OTf )3 is added, the reaction becomes highly exo-selective (endo/ 
exo = 3:97) (198). Suga has extended this Lewis acid catalyzed carbonyl ylide 
cycloaddition reaction to catalyzed asymmetric versions. The chiral cocatalyst 
employed is ytterbium(III) tris(5)- 1,1 '-binaphthyl-2,2 '-diyl phosphonate, 
Yb[(S)— BNP ]3 (10 mol%). In the reaction of methyl o-(diazoacetyI)benzoate 
with benzyloxyacetaldehyde in the presence of Rh 2 (OAc )2 (2 mol%) at room 
temperature with the chiral Yb catalyst, the diastereoselectivity is low (endo/exo = 
57:43) and the enantiopurity of the endo-cycloadduct is 52% ee. 

Several examples are of enantioselective rearrangement reactions of oxonium, 
sulfonium, or selenonium ylides, generated by the catalytic decomposition of diazo 
compounds (199-203), are known. The first reports of enantioselective dipolar 
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and ^xo-isomer (14% ee) 

Catalyst: 

Rh 2 (OAc )2 + Yb[(S)-BNP] 3 : 2 mol% + 10 mol% 




cycloadditions of such species have been reported. Hodgson et al. (204) was the 
first to demonstrate enantioselective reactions of this type by application of Padwa’s 
intramolecular carbonyl ylide trapping method (205). A diazodiketone ester having 
a tethered terminal alkene moiety was treated with a catalytic amount (1 mol%) of a 
proline-based chiral Rh(II) catalyst in hexane (Scheme 11.57). The resulting 
cycloadduct obtained in 76% shows a moderate enantiopurity of 53% ee. 

Hashimoto and co-workers (206,207) recently published enantioselectivities of 
up to 92% ee in carbonyl ylide cycloadditions to acetylenic esters in the presence of 
a chiral rhodium catalyst (Scheme 11.58). 

11.4.2. Nitrile Ylide Equivalents 

Suga et al. (208,209) reported that 5-alkoxyoxazoles react with aldehydes 
giving 4,5-cis-2-oxazoline-4-carboxylates stereoselectively when activated with a 
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Scheme 11.57 



Stoichiometric amount of methylaluminum P-binaphthoxide as the Lewis acid. This 
reaction has recently been extended to a catalytic enantioselective version using an 
enantiopure methylaluminum P-binaphthoxide (Scheme 1 1.59) (210,21 1). Although 
the actual reacting species were not assigned, 5-alkoxyoxazoles behave as nitrile 
ylide 1,3-dipole equivalents in Lewis acid catalyzed reactions with aldehydes. 

Ito et al. (212-216) developed new catalyzed asymmetric cycloaddition reac- 
tions of what are formally nitrile ylides (Scheme 11.60). Thus, methyl a-isocya- 
noalkanoates are allowed to react with benzaldehyde or acetaldehyde in the 
presence of 0.5-1. 0 mol% of a chiral (aminoalkyl)ferrocenylphosphine-gold(I) 
complex to give optically active methyl 2-oxazoline-4-carboxylates with high 
enantioselectivity in quantitative yield. The oxazolines were converted into opti- 
cally active p-hydroxy-a-amino acid methyl esters. The selective formation of 
cis-isomers of 2-oxazoline-4-carboxylates in Suga’s reactions is synthetically compli- 
mentary to the ferrocenylphosphine-gold(I) complex/catalyzed reactions by Ito. 
Grigg et al. (217) recently extended Ito’s reaction to the Ag(I) ion-catalyzed 
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1,3-dipolar cycloaddition of methyl isocyanoacetate with a,P-unsaturated 
carbonyl compounds (Scheme 11.60). The rate of this reaction can be enhanced 
effectively with a catalytic amount of silver(I) acetate (1 mol%). The Grigg et al. 
(217) proposed a reaction mechanism in which silver(I) acetate adds to the 
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isocyanoacetate carbon to form an organometallic intermediate that is subsequently 
deprotonated to generate a nitrile ylide 1,3-dipole. After the cycloaddition, double- 
bond migration via the imine-enamine tautomerism. 



11.5. CONCLUSION 



So far, a limited number of 1,3-dipoles have been used effectively in synthetic 
routes to stereochemically defined heterocycles, with the exception of nitrones 
(6,13) and azomethine ylides, although the use of external reagents to control 
stereochemistry and regiochemistry in the dipolar cycloadditions of such species is 
still relatively new, dating back 10-15 years. Nitrile oxides are beginning to show 
promise in such processes. Work on employing these and other dipoles in 
cycloadditions mediated by external reagents will likely continue at a rapid pace, 
since these processes are so powerful and there is much room for improvement 
using this strategy. Much work remains to be done on the external reagents 
themselves, especially Lewis acid catalysts in chiral form. 
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Asymmetric Reactions 



Asymmetric synthesis has achieved a position as one of the most important areas 
of modern organic chemistry. During the past 20 years the number of publications 
in this area has been vast. On the pallet of organic reactions that are used in 
asymmetric synthesis, cycloadditions possess a prominent position, since they are 
some of the most efficient methods for creating new chiral centers with control of 
stereochemistry (1-4). The ability to introduce more than one new chiral center in a 
single step with control of both relative and absolute stereochemistry makes 
cycloaddition reactions highly attractive key reactions for stereoselective synthesis. 

The carbo- and hetero-Diels- Alder reactions are excellent for the construction of 
six-membered ring systems and are probably the most commonly applied cycload- 
dition. The 1,3-dipolar cycloaddition complements the Diels-Alder reaction in a 
number of ways. 1,3-Dipolar cycloadditions are more efficient for the introduction 
of heteroatoms and are the preferred method for the stereocontrolled construction of 
hve-membered heterocycles (1^). The asymmetric reactions of 1,3-dipoles has 
been reviewed extensively by us in 1998 (5), and recently, Karlsson and Hogberg 
reviewed the progress in the area from 1997 and until now (6). Asymmetric metal- 
catalyzed 1,3-dipolar cycloadditions have also been separately reviewed by us (7- 
9). Other recent reviews on special topics in asymmetric 1,3-dipolar cycloadditions 
have appeared. These include reactions of nitrones (10), reactions of cyclic nitrones 
(11), the progress in 1996-1997 (12), 1,3-dipolar cycloadditions with chiral allyl 
alcohol derivatives (13) and others (14,15). 

The development within the area of asymmetric 1,3-dipolar cycloadditions since 
the hrst edition of this series is too extensive to be completely covered in this 
chapter and we have therefore chosen selected examples to illustrate the different 
aspects of the subject. The examples have been chosen on the basis of general 
importance and also to complement recent monographs in the area. Special 
attention will be given to recent developments within the area of metal-catalyzed 
reactions. Intramolecular 1,3-dipolar cycloadditions are only briefly described. 



12.1. SELECTIVITY IN 1,3-DIPOLAR CYCLOADDITIONS 



For all reactions of nonsymmetric 1,3-dipoles with nonsymmetric dipoles, a pair 
of regioisomers can be obtained (Scheme 12.1). The regioselectivity is highly 
substrate dependent and it is controlled by both electronic and steric factors (1,5). 
This subject is to complex and diverse to set out any general rules here. It is very 
often observed that 1,3-dipolar cycloadditions proceed with complete regioselec- 
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tivity and throughout this chapter the described reactions proceed with complete 
regioselectivity unless otherwise mentioned. 

In the following examination of the stereochemical aspects of 1,3-dipolar 
cycloadditions, it is assumed that the configuration of the alkene is conserved 
during the reaction, that is, reactions of trans alkenes leads to trans configuration of 
the former alkene substituents in the product. For 1,3-dipolar cycloadditions of 
propargyl-allenyl type 1,3-dipoles such as nitrile oxides, nitrile imines, and azides 
with alkenes, a maximum of two new stereocenters are formed and the number 
of possible diastereomers is thus limited to two (Scheme 12.2). If one or both of 
the starting materials are chiral, the selectivity of this reaction is referred to as 
diastereofacial selectivity. If the starting materials are both achiral, the products are 
enantiomers and the (catalyst induced) selectivity referred to as enantioselectivity. 
For the reactions of propargyl-allenyl type 1,3-dipoles such as nitrile ylides and 
diazo compounds with alkenes, four diastereomers may be obtained. 

In reactions between nitrones and alkenes, up to three new contiguous 
stereocenters can be formed and a maximum of four diastereomers can be obta- 
ined (Scheme 12.3). There are two different kinds of diastereoselectivity to be 
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considered in these reactions; the endo/exo selectivity and the diastereofacial 
selectivity (or enantioselectivity if the substrates are both achiral). The so-called 
endo-isomers arises from the reaction in which the nitrogen atom of the nitrone 
points toward a vicinal jp^-hybridized substituent of the alkene. Whereas secondary 
7i-orbital interactions are of importance for the diastereoselectivity of Diels-Alder 
reactions, such interactions in 1,3-dipolar cycloadditions is infinitesimal (16). The 
endo/exo- selectivity in 1,3-dipolar cycloadditions is primarily controlled by the 
structure of the substrates. Most acyclic aldo-nitrones exist in the (Z)-configuration, 
and most cyclic nitrones are locked in the more reactive (£)-configuration (17). 
However, some nitrones exist in equilibrium between the (E)- and (Z)-forms. 
Belonging to this class of nitrones are, for example, aldo-nitrones with an electron- 
withdrawing substituent at the carbon atom. If the nitrone exists as an equilibrating 
mixture of (E)- and (Z)-forms, the number of possible diastereoisomers resulting 




(Z,E)-endo 
or (E,Z)-exo 



(Z,E)-exo 
or (E,Z)-endo 



Scheme 12.4 
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from 1,3-dipolar cycloadditions with alkenes will still be limited to four, but in this 
case it makes no sense to use the endo/exo-nomenclature. Instead the terms cis/ 
trans are used, defined relative to the configuration of the 3- and 4-substituents of 
the isoxazolidine ring. 

The stereochemistry of 1,3-dipolar cycloadditions of azomethine ylides with 
alkenes is more complex. In this reaction, up to four new chiral centers can be 
formed and up to eight different diastereomers may be obtained (Scheme 12.4). 
There are three different types of diastereoselectivity to be considered, of which the 
two are connected. First, the relative geometry of the terminal substituents of the 
azomethine ylide determine whether the products have 2,5-cis or 2,5-trans con- 
formation. Most frequently the azomethine ylide exists in one preferred configura- 
tion or it shifts between two different forms. The addition process can proceed in 
either an endo or an exo fashion, but the possible (E,Z) interconversion of the 
azomethine ylide confuses these terms to some extent. The endo-isomers obtained 
from the (£,£)- azomethine ylide are identical to the exo-isomers obtained from the 
(Z,Z)-isomer. Finally, the azomethine ylide can add to either face of the alkene, 
which is described as diastereofacial selectivity if one or both of the substrates are 
chiral or as enantioselectivity if the substrates are achiral. 

The azomethine ylides applied in synthesis can be divided into two groups. The 
traditional azomethine ylide 2 is one that consists of a central nitrogen atom with 
three carbon substituents (Scheme 12.5). This type of azomethine ylide is most 
frequently formed by the condensation of an aldehyde with a secondary amine 1. 
The second type are the so-called stabilized azomethine ylides 4 . They consist of 
a central nitrogen atom with two carbon substituents and the nitrogen atom also 
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Scheme 12.5 
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coordinates to a metal atom. Stabilized azomethine ylides 4 are commonly obtained 
by deprotonation of an amino ester derived precursor 3. Deprotonation can be 
performed with a metal base or with a base such as triethylamine in the presence of 
a metal salt. The metalated azomethine ylide 4 is thus stabilized by bidentate 
chelation of the ester functionality and the nitrogen atom to the metal center. This 
type of azomethine ylide is often nucleophilic and reacts preferentially with 
electron-deficient alkenes such as 5. In many cases, such reactions proceed via a 
two step Michael-Mannich type reaction instead of a 1,3-dipolar cycloaddition. 
Intermediate 6 may allow for rotation around the former alkene-bond leading to the 
possible formation of mixtures of 3,4-trans pyrrolidine 7a and 3,4-ds pyrrolidine 
7b. This reaction allows, in principle, for formation of all possible diastereomeric 
products. However, this is never observed in practice. On the contrary, the reactions 
of stabilized azomethine ylides with alkenes often proceed with excellent diaster- 
eoselectivities. 



12.2. DIASTEREOSELECTIVE REACTIONS 



The most common method for inducing asymmetry in 1,3-dipolar cycloadditions 
is by the application of chiral 1,3-dipoles, chiral dipolarophiles, or both, the latter 
always being the case for intramolecular reactions (5). First the reaction of chiral 
1,3-dipoles will be described, then the reactions of chiral dipolarophiles, and finally 
the intramolecular reactions. In this chapter we have chosen to treat the diaster- 
eoselective reactions employing chiral auxiliaries separately in Section 12.3. 

12.2.1. Chiral Dipoles 

Several different chiral 1,3-dipoles have been developed, especially for nitrones 
and azomethine ylides. In several cases, the chiral dipole has been developed 
specifically for the asymmetric synthesis of a target molecule and some examples of 
that will be given. 



12.2.1.1. Nitrones and Nitronates 



Among the most commonly applied chiral moiety for nitrones (2) is the N-a- 
methylbenzyl substituent (Scheme 12.6) (18-25). The nitrones 8 with this sub- 
stituent are available from 1 -phenethylamine, and the substituent has the advantage 
that it can be removed from the resulting isoxazolidine products 9 by hydrogeno- 
lysis. This type of 1,3-dipole has been applied in numerous 1,3-dipolar cycloaddi- 
tions with alkenes such as styrenes (21,23), allyl alcohol (24), vinyl acetate (20), 
crotonates (22,25), and in a recent report with ketene acetals (26) for the synthesis 
of natural products. Reviewing these reactions shows that the a-methylbenzyl group 
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offers moderate chiral discrimination, since mixtures of diastereomers are generally 
obtained in reactions of this type of nitrone. 

Sneider et al. (27,28) applied a familiar nitrone for the synthesis the immuno- 
suppressant (— )-FR901483 (14) in a recent study (Scheme 12.7). The nitrone 12 is 
generated in situ from ketone 10 and the optically pure hydroxylamine 11 at 25 °C. 
The resultant nitrone 12 underwent a 1,3-dipolar cycloaddition reaction with ethyl 
acrylate in refluxing toluene to give the diastereomer 13 with 7 1 % diastereomeric 
excess (de). In 22 synthetic steps including the 1,3-dipolar cycloaddition, the target 
molecule 14 was obtained. 

Brandi and co-workers (29,30) studied the 1,3-dipolar cycloadditions of chiral 
a,P-dialkoxynitrones with vinylphosphine oxides (Scheme 12.8). The reaction of 
optically active 15 with vinylphosphine oxide 16a gave a 65:14 mixture of the 
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(15) (16a): R = Ph 

(16b): R = Me 




(17a): R = Ph 

endo/exo:regioisomers = 65:14:21 
deendo = 94% 



(17b): R = Me 
endo/exo = 95:5 
dSendo = 96% 



Scheme 12.8 



endo/exo-isomers of 17a along with 21% of the other regioisomer. The endo-isomer 
was formed with a high diastereofacial selectivity of 94% de. By the application of 
the optically active vinylphosphine oxide 16b, the 1,3-dipolar cycloaddition with 15 
proceeded to form 17b with a high degree of endo-selectivity and without the 
appearance of the other regioisomer. The reaction also displayed excellent diaster- 
eofacial selectivity, since the product was obtained with 96% de. The reactions of 
other nitrones containing a vicinal dioxolane ring such as 17b have been described 
in a recent experimental and theoretical study by Carda et al. (31). 

Saito et al. (32) developed a tartaric acid derived chiral nitrone 18. In the 
reaction of 18 with methyl crotonate 19, the 1,3-dipolar cycloaddition product 20 
was obtained in an endo/exo ratio of 10:1 and with high diastereofacial induction to 
give the endo-isomer (Scheme 12.9). 

Other nitrones (21-23) having the chiral moiety located at the carbon atom have 
been applied in reactions with various alkenes (Scheme 12.10) (33-35). Nitrone 21 
offered poor discrimination in 1,3-dipolar cycloadditions with benzyl crotonate, as 
all four diastereomers were obtained in both reactions (33). The fluorinated nitrone 



OPMB 

TBDMSO^J ^ ^_..-i5v^C02Me 
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endo/exo =10:1 
deendo >95% 

TBDMS = tert-butyl dimethylsilyl 
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PMB = para-methoxy benzyl 

Scheme 12.9 




12.2. Diastereoselective Reactions 



825 



COjMe 




Scheme 12.10 



22 led to a good endo/exo ratio and a high de in the reaction with diethyl fumerate 
(34). Nitrone 23 reacted with methyl acrylate to give a 44:21:0:0 ratio of the four 
possible diastereomers (35). 

Mukai et al. (36,37) applied the chiral tricarbonyl(ri®-arene)chromium(0)- 
derived nitrone 24b in 1,3-dipolar cycloadditions with various alkenes, such as 
styrene 25 (Scheme 12.11). The analogous nonmetallic nitrone 24a was used in a 
reference reaction with 25, giving the isoxazolidine 26a with an endo/exo ratio of 
82:18. By the application of nitrone 24b in the 1,3-dipolar cycloaddition with 25, 
the endo/exo-selectivity changed signihcantly to give exo-26b as the only obser- 
vable product. The tricarbonylchromium moiety effectively shielded one face of the 
nitrone, leading to high diastereofacial selectivity. The product exo-26b was 
obtained with 96-98% de. 

Cyclic chiral nitrones generally offer better stereoselectivity than their acyclic 
counterparts. A more efficient shielding of one of the nitrone faces is often obtained 
due to the more rigid conformation of the cyclic nitrones. Furthermore, in this 
approach, (£>Z)-interconversion is avoided and cyclic nitrones are often more 
reactive since they, depending on the substitution pattern, are usually locked in the 




(24a): X absent 
(24b): X = Cr(CO)3 



exo-(26a): X absent 
(racemic) 
endo/exo = 82:18 



Scheme 12.11 



exo-(26b): X = Cr(CO )3 
endo/exo = <2:>98 
dcexo = 96-98% 
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Scheme 12.12 



more reactive (£')-configuration. Probably due to these findings there has been much 
activity in developing new cyclic nitrones. 

Among the most commonly applied cyclic chiral nitrones are the pyrrolidine- 
derived nitrones. Brandi and co-workers (38^6) studied the application of the 
L-tartaric acid derived nitrones 27a-e (Scheme 12.12). Nitrone 27e shows a high 
degree of chiral discrimination in the 1,3-dipolar cycloaddition with methylenecy- 
clopropane at room temperature, leading to one regioisomer in a yield of 75% with 
a de of 82% (38). This approach has successfully been applied in the synthesis of 
optically active hydroxylated indolizidines (38,39,41,47). Brandi and co-workers 
(43,44,46,48) furthermore described the synthesis and reactions of nitrones 28a-c. 
The selectivities obtained using these nitrones are in most cases moderate to good 
and they have proven to be excellent building blocks for natural product synthesis. 
One of several examples of this is shown using nitrone 28b in Scheme 12.13 (45). 
The 1,3-dipolar cycloaddition of 28b with diethyl maleate gave a mixture of 
diastereomers of which the major isomer 32 was isolated in 56% yield. Another two 
synthetic steps furnished the alkaloid (— )-hastanecine (33). 

Murahashi and co-workers (49) extensively studied the synthesis of nitrones 
such as 29 by a decarboxylative oxidation of proline derivatives (Scheme 12.12). 
However, these nitrones were primarily used in nucleophilic addition reactions 
rather than 1,3-dipolar cycloadditions. Others have synthesized cyclic nitrones 30 
and 31 having a chiral center adjacent to the nitrogen atom (50,51). Saito and 
co-workers (51) applied nitrone 31 in reactions with fumaric and maleic acid 
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(28b) (32) (major) (33) 

(56%) (-)-hastanecine 

4.5:1:1 



Scheme 12.13 

derivatives at 70 °C in benzene and all reactions proceeded with complete regio- 
and diastereoselectivity. 

The power of cyclic chiral nitrones in synthesis was demonstrated by Nagasawa 
et al. (52) by the synthesis of the enantiomerically pure pentacyclic guanidine 
derivative 38 (Scheme 12.14). The 1,3-dipolar cycloaddition of 27b with 34 took 




TBS = tributyl silyl (38) 

m-CPBA = meta-chloro peroxy benzoic acid 

Scheme 12.14 
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place exclusively from the opposite side of the methoxy group in the a-position of 
the nitrone moiety to give 35. The key reaction in this synthesis was an oxidative 
isoxazolidine cleavage oxidation with m-CPBA, which generates a new nitrone 
functionality. A subsequent 1,3-dipolar cycloaddition reaction, cleavage oxidation 
and reduction sequence furnishes the enantiomerically pure guanidine precursor 37. 
In three additional steps, the guanidine derivative 38 was obtained in an overall 
yield of 24% from 27b. 

A chiral pipiridine-derived nitrone, bearing a silyloxy substituent at the chiral 
center in the 3-position, was applied in a reaction with allyl alcohol in the synthesis 
of the natural products (+)-febrifugine and (+)isofebrifugene (53). The selectivities 
obtained in this 1,3-dipolar cycloaddition were poor, but the isomeric product 
mixture could be separated. Two chiral cyclic nitrones 39 and 41 having an oxygen 
atom in the ring were described (Scheme 12.15). Langlois and co-workers (54-56) 
applied nitrone 39 in the synthesis of ( — )-carbovir, a potential agent in treating 
acquired immune deficiency syndrome (AIDS). The 1,3-dipolar cycloaddition 
between cyclopentadiene and 39 proceeded at 40 °C with high regio- and diaste- 
reoselectivity, producing 40 as the only product isolated. In the succeeding 
synthetic steps toward (— )-carbovir, the camphor skeleton was recovered. In recent 
work by the same group, nitrone 39 was used in the synthesis of precursors of (-1-)- 
carpetimycin A and (-l-)-P-methylcarbapenem (57,58). Tamura et al. (59-61) 
prepared nitrone 41, which was subjected to reaction with a series of alkenes. In 
the reaction between 41 and cyclopentene, isoxazolidine 42 was formed in 88% 
yield as a single isomer. The product 42 was converted into a bicyclic amino 
substituted lactone (61). 

The reactions of chiral cyclic alkyl nltronates have been described (62-64). 
These nitronates are intermediates in a tandem[4-|-2]/[3-|-2] cycloadditions. 




Scheme 12.15 
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12.2.1.2. Nitrile Oxides 

Only a few reports have described the application of optically active nitrile 
oxides in 1,3-dipolar cycloadditions (65-70). A general trend for these reactions is 
that moderate-to-poor diastereoselectivities are obtained when it is attempted to 
control the stereoselectivity using a chiral nitrile oxide. In one of the few recent 
examples, the chiral nitrile oxide 43 , derived from A-formylnorephenedrine and 3- 
methylnitrobutene, was subjected to reaction with diethyl fumerate (Scheme 12.16) 
(69). Compound 44 was obtained as the major product of this reaction as a 75:25 
mixture with its diastereomer. 

12.2.1.3. Azomethine Ylides 

Diastereoselective 1,3-dipolar cycloadditions of chiral azomethine ylides with 
alkenes leading to optically active products were first described in 1985 (71), and 
since then by several others. In a series of papers, Harwood and co-workers (72-81) 
described the development the (5S)-phenyl-morpholin-2-one azomethine ylide 
precursor 45 for reactions with alkenes (Scheme 12.17). For the reactions of the 
in situ generated azomethine ylide 46 (R^=H or C02Me) with electron-deficient 
alkenes such as dimethyl fumerate, high selectivities could be obtained for product 
47 , which was obtained in moderate to good yields (73,74). The products could be 
converted into proline derivatives. More recently, this approach was extended to 
heterodipolarophiles such as aldehydes (82) and imines (83). For the reactions with 
aldehydes, the same aldehyde R^CHO was used for the formation of the azomethine 
ylide as well as the subsequent 1,3-dipolar cycloaddition. The reactions were 
conducted with various aldehydes (R^=Ar, alkyl) and the azomethine ylide 
formation and cycloaddition proceeded to give single isomers of 48 in good-to- 
high yields. The products could be converted into the corresponding enantiomeri- 
cally pure p-hydroxy-a-amino acids, and this approach was applied for the 




830 



Asymmetric Reactions 




Scheme 12.17 




synthesis of (+)-polyoxamic acid (82). It was demonstrated by the same authors 
that imines could be used as substrates for both the azomethine ylide formation and 
the 1,3-dipolar cycloaddition (83). These reactions also proceeded with excellent 
selectivities to give 49 (R'=Ar, R^=Bn, Me) as the only diastereomer. These 
products were converted into the corresponding enantiopure a,p-amino acids in 
high yields. 

Husson and co-workers (84) investigated the 1,3-dipolar cycloaddition of acyclic 
chiral azomethine ylides derived from (— )-A-cyanomethyl-4-phenyl-l,3-oxazoli- 
dine with electron-deficient alkenes, and in some cases de >95% were obtained. 

Another approach employing chiral acyclic azomethine ylides was published in 
two recent papers by Alcaide et al. (85,86). The azomethine ylide-silver complex 
(51) was formed in situ by reaction of the formyl-substituted chiral azetidinone (50) 
with glycine (or alanine) in the presence of AgOTf and a base (Scheme 12.18). 
Azomethine ylides formed in this manner were subjected to reaction with various 
electron-dehcient alkenes. One example of this is the reaction with nitrostyrene, as 
illustrated in Scheme 12.18 (86). The reaction is proposed to proceed via a two step 
tandem Michael-Henry process in which the products 52a and 52b are isolated in a 
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ratio of 82:18 (41 and 9% isolated yields), accompanied with 8% of another 
diastereomer. Compounds 52a and 52b are both endo-isomers and arise from an 
opposite facial approach of the alkene to 51. 

Azomethine ylides derived from (55',6/?)-2, 3,5, 6-tetrahydro-5, 6-diphenyl- 1,4- 
oxazin-2-one (53) and various aldehydes have been prepared by Williams and 
co-workers (87,88) (Scheme 12.19). In a recent communication they reported the 
application of the azomethine ylide 54 in the asymmetric total synthesis of 
spirotryprostatin B 56 (88). The azomethine ylide 54 is preferentially formed 
with (£T)-geometry due to the bulkiness of the aldehyde substituent. The in situ 
formed azomethine ylide 54 reacted with ethyl oxindolylidene acetate to give the 
1,3-dipolar cycloaddition adduct 55 in 82% yield as the sole isomer. This reaction, 
which sets four contiguous stereogenic centers, constructs the entire prenylated 
tryprophyl moiety of spirotryprostatin B (56), in a single step. 

Other chiral azomethine ylide precursors such as 2-(ferf-butyl)-3-imidazolidin- 
4-one have been tested as chiral controllers in 1,3-dipolar cycloadditions (89). 
2-(terf-Butyl)-3-imidazolidin-4-one reacted with various aldehydes to produce 
azomethine ylides, which then were subjected to reaction with a series of different 
electron-deficient alkenes to give the 1,3-dipolar cycloaddition products in moder- 
ate diastereoselectivity of up to 60% de. 

Chiral aziridines having the chiral moiety attached to the nitrogen atom have 
also been applied for diastereoselective formation of optically active pyrrolidine 
derivatives. In the first example, aziridines were used as precursors for azomethine 
ylides (90-95). Photolysis of the aziridine 57 produced the azomethine ylide 58, 
which was found to add smoothly to methyl acrylate (Scheme 12.20) (91,93-95). 
The 1,3-dipolar cycloaddition proceeded with little or no de, but this was not 
surprising, as the chiral center in 58 is somewhat remote from the reacting centers 
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of the azomethine ylide. The de can be improved significantly by application of the 
acrylate of Oppolzer’s chiral sultam (see below). A 1,3-dipolar cycloaddition 
related to the one outlined in Scheme 12.20 has been used for the asymmetric 
synthesis and complete structure elucidation of (— )-quinocarcin 60 (91). 

Enders et al. (96) recently described the application of the chiral azomethine 
precursor 61 (Scheme 12.21). The azomethine ylide was formed in situ by heating 
with different benzaldehydes. The reactions of four different azomethine ylides 
with A-phenyl maleimide led to the formation of endo-62 and exo-62 in ratios of 
2:1 in very high yields. The diastereofacial selectivity was estimated to be >96% de 
for both products, since no other diastereomers were observed by proton nuclear 
magnetic resonance ('H NMR) spectroscopy. 

Azomethine ylides such as 64 can be generated from tertiary amine A-oxides 
( 63 ) by reaction with lithium diisopropylamide (LDA) (Scheme 12.22) (97). 
Several different chiral A-substituted azomethine ylides were prepared in this 
manner. The best results were obtained when using 64 in 1,3-dipolar cycloaddition 
with alkenes, but the de values obtained of the product 65 were <60%. 

Other 1,3-dipolar cycloadditions of chiral azomethine ylides with Ceo (98) 
and reactions of chiral azomethine ylides derived from l-benzyl-4-phenyl-2- 
imidazoline with different electron-deficient alkenes have been performed (99). 




Scheme 12.22 
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12.2.1.4. Other Dipoles 

The use of chiral azomethine imines in asymmetric 1,3-dipolar cycloadditions 
with alkenes is limited. In the first example of this reaction, chiral azomethine 
imines were applied for the stereoselective synthesis of C-nucleosides (100-102). 
Recent work by Husson and co-workers (103) showed the application of the 
chiral template 66 for the formation of a new enantiopure azomethine imine 
(Scheme 12.23). This template is very similar to the azomethine ylide precursor 
52 described in Scheme 12.19. In the presence of benzaldehyde at elevated 
temperature, the azomethine imine 67 is formed. 1,3-Dipole 67 was subjected to 
reactions with a series of electron-deficient alkenes and alkynes and the reactions 
proceeded in several cases with very high selectivities. Most interestingly, it was 
also demonstrated that the azomethine imine underwent reaction with the electro- 
nically neutral 1-octene as shown in Scheme 12.23. Although a long reaction time 
was required, compound 68 was obtained as the only detectable regio- and 
diastereomer in 50% yield. This pioneering work demonstrates that there are 
several opportunities for the development of new highly selective reactions of 
azomethine imines (103). 

Nitrile imines are related to azomethine imines, in the same manner as nitrile 
oxides are related to nitrones. In a single and recent report, the reactions of 
D-galactose derived chiral nitrile imines have been described (104). However, in 
reactions with nonchiral alkenes, no diastereoselection was obtained. 

Padwa and Prein (105,106) applied chiral, but racemic, isomiinchnone dipoles in 
diastereoselective 1,3-dipolar cycloadditions. The carbonyl ylide related isomiinch- 
none derivative rac-70 was obtained from the rhodium-catalyzed cyclization of 
diazo-derivative rac-69 (Scheme 12.24) (105). The reactions of the in situ formed 
dipole with a series of alkenes was described and in particular the reaction with 
maleic acid derivatives 71a-c gave rise to reaction with high selectivities. 
The tetracyclic products 72a-c were all obtained in good yield with high endo/ 
exo and diastereofacial selectivities. In another paper by the same authors, the 
reactions of racemic isomiinchnones having an exo-cyclic chirality was described 
(106). 
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12.2.2. Chiral Dipolarophiles 

The 1,3-dipolar cycloadditions of 1,3-dipoles with chiral alkenes has been 
extensively reviewed and thus only selected examples will be highlighted here. 
We have chosen to divide this section on the basis of the different types of alkenes 
rather than on the basis of the type of 1,3-dipole. Eor 1,3-dipolar cycloadditions, as 
well as for other reactions, it is important that the chiral center intended to control 
the stereoselectivity of the reaction is located as close as possible to the functional 
group of the molecule at which the reaction takes place. Hence, alkenes bearing the 
chiral center vicinal to the double bond are most frequently applied in asymmetric 
1,3-dipolar cycloadditions. Examples of the application of alkenes with the chiral 
center localized two or more bonds apart from the alkene will also be mentioned. 
Application of chiral auxiliaries for alkenes is very common and will be described 
separately in Section 12.3. 



12.2.2.1. Acyclic Allyl Alcohol Derivatives 

One of the classical ways to perform diastereoselective 1,3-dipolar cycloaddition 
is by the addition of a 1,3-dipole to an allyl alcohol derivative (65, 107-120). Very 
recently, a short review article was devoted to this area (13). Among the most 
commonly applied acyclic allyl alcohol derivatives are alkenes 73-75 
(Scheme 12.25). These alkenes have been used in reactions with nitrones. 
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(73) (74): X = H, SiRs, Bn, Aik (75) 

= Me, (CH 2 )s 

EWG = CO 2 R, NO 2 , S02Ph 

Scheme 12.25 

nitronates, nitrile oxides, azomethine ylides, and diazo compounds. The selectiv- 
ities obtained in these reactions are highly substrate dependent. In some cases high 
diastereoselectivities are obtained, but only rarely is complete diastereoselection 
observed. 

Saito et al. (32,121) developed a variety of tartaric acid derivatives, including 
C 2 -symmetric chiral alkenes such as 76 . The 1,3-dipolar cycloaddition between 76 
and 77 gave primarily endo-1^. (Scheme 12.26) The diastereofacial selectivity of 
the reaction is excellent, as endo-7S is obtained with >98% de. Other cyclic and 
acyclic nitrones have been employed in reactions with 76 , and in all cases, 
moderate to excellent endo/exo-selectivities and excellent diastereofacial selectiv- 
ities were obtained (32,121). Three other research groups have applied various 
y-hydroxylated a,P-unsaturated carbonyl compounds in related reactions with 
nitrones (122-124). However, the selectivities were somewhat lower than those 
obtained by Saito and et al. (32,121). 




endo/exo = 94:6 
deendo >98% 



Scheme 12.26 

The azomethine ylide derived from 79 has also been used in reactions with chiral 
(£’)-y-alkoxy-a,P-unsaturated esters 80 (Scheme 12.27). The corresponding tetra- 
substituted pyrrolidines 81 were obtained with complete regiocontrol in fair to 
excellent de (125). 

12.2.2.2. Cyclic Allyl Alcohol Derivatives 

Numerous chiral cyclic allyl alcohol derivatives have been used as the chiral 
alkene part in 1,3-dipolar cycloadditions. In general, the more rigid conformational 
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(79) 



(80) 




major stereoisomer 
up to 92% de 



Scheme 12.27 



nature of cyclic alkenes bearing stereocenters offers better facial discrimination in 
the addition process. The sugar ene-lactone 82 was used by Chmielewski and co- 
workers (126-128) in reactions with C-methyl-nitrones (Scheme 12.28). The 
reaction proceeded in an endo-selective manner to the face of the alkene anti to 
the substituents of the lactone ring to give the isoxazolidine adduct as the sole 
product. The diene (l/?)-acetoxy-(25')-hydroxy-cyclohexa-3, 5-diene ( 83 ) was 
applied in a 1,3-dipolar cycloaddition with diazomethane. In this reaction, a 3:1 
mixture of two isomeric pyrazolines was obtained, arising from the two different 
double bonds in 83 (129). Paton and co-workers (130,131) applied the bicyclic 
lactone levoglucosenone 84 in reactions with various different 1,3-dipoles. In the 
reaction with C,A(-diphenylnitrone, only one observable product was obtained. The 
structurally related chiral bicyclic lactone 85 has also been used in a reaction with a 



OAc 





(82) (83) 



(84) 



H 




Ac = acetyl 



Scheme 12.28 
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(90) 

Scheme 12.29 



nitrile oxide (132). The 1,3-dipolar cycloaddition between 85 and the nitrile oxide 
derived from pyruvic aldehyde proceeds in refluxing toluene to give the main 
isoxazoline product in 45% yield along with 15 and 19% of other diastereo- and 
regioisomers, respectively. The tetracyclic lactone 86 was used by Trivedi and co- 
workers (120) in reactions with various nitrones. The reaction between 86 and N- 
methylphenyl nitrone gave a single product arising from the exo-approach of the 
nitrone to the bottom face of 86. 

The lactone 88 having an exo-cyclic double bond was applied in a 1,3-dipolar 
cycloaddition with nitrile oxides in recent work by Gallos et al. (Scheme 12.29) 
(133). The 5/7!>o-isoxazoline ( 89 ) was obtained as the sole diastereomer from the 
addition of the stable nitrile oxide 87 . The resulting adduct 89 was further subjected 
to N— O bond cleavage by hydrogenolysis, followed by a spontaneous cyclization to 
give the carbocyclic product 90 in 64% yield. 

12.2.2.3. Allyl Amine Derivatives 

Similarly, both acyclic and cyclic allyl amine derivatives have been applied in 
1,3-dipolar cycloadditions (134-138). Langlois et al. (139) used a,P-unsaturated-y- 
lactams derived from (S)-pyroglutaminol, such as 91 and 92 , in the 1,3-dipolar 
cycloaddition with the A^-benzylnitrone derived from formaldehyde (Scheme 12.30). 
For compound 91 , one of the 1,3-dipolar cycloaddition product isomers obtained 
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(91) (92) (93) 

Boc = butoxycarbonyl 

Scheme 12.30 



was isolated in 75% yield, whereas only 5 and 3% of two other isomers were 
obtained. For lactam 92 , the 1,3-dipolar cycloaddition with a similar nitrone 
proceeded with high diastereoselection. The nitrone approaches anti to the bulky 
alkoxy substituent to give a single isomer of the cycloadduct (140). The (3-lactam 
93 was applied by Basak et al. (141) for the synthesis of 3-hydroxy-azetidin-2-ones. 
The reaction of 93 with an acyclic nitrone proceeded with high selectivity to give 
only one observable diastereomeric product. 

12.2.2.4. Vinyl Acetals and Vinyl Aminals 

Chiral alkenes derived from a,P-unsaturated aldehydes have also been applied in 
asymmetric 1,3-dipolar cycloadditions (142). Soucy et al. (142) used (— )-8- 
(benzylamino)menthol ( 94 ) and acrolein for the exclusive formation of 95 having 
an equatorial C(2) vinyl group (Scheme 12.31). The 1,3-dipolar cycloaddition of 
acetonitrile oxide with 95 gave 96 with a selectivity of > 90% de. 

Meyers and co-workers (143-146) studied the addition of azomethine ylides to 
the chiral bicyclic half-aminal 97 (Scheme 12.32). The diastereoselectivities of 
these reactions were highly dependent on the substituents of both 97 and 




(96) 

de >90% 



Scheme 12.31 
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the azomethine ylides applied. Kanamasa et al. (147-149) applied methyl (3R,7aS)- 
2-phenylperhydropyrrole[l,2-c]imidazole-3-(£)-propenoate ( 98 ) in 1,3-dipolar 
cycloadditions with azomethine ylides derived from glycine esters. Addition of 
the metal azomethine ylides to 98 proceeded in some cases with complete regio- 
and diastereocontrol by attack of the jyn-azomethine ylide to the a-^i-face of the 
alkene. This work has been extended to include a,P-unsaturated esters bearing a C 2 - 
symmetric imidazolidine chiral controller at the P-position, such as 99 (147). The 
1,3-dipolar cycloaddition of an azomethine ylide with 99 led to the formation of 
the cycloaddition product in high yield and with a satisfactory de of 92%. The 
reaction was found to be very dependent on the substituents in both the azomethine 
ylide and 99 . For reactions in which the (/?)-substituent in 99 is methyl, high 
stereocontrol was occasionally achieved. The reaction proceeds under highest 
occupied molecular orbital (HOMO)dipoie-lowest unoccupied molecular orbital 
(LUMO)aikene coutrol, with the dipole approaching the s/-face of the alkene, as 
the re-face is hindered by the (/?)-substituent as outlined for 99 . 

12.2.2.5. Vinyl Phosphine Oxides and Vinyl Sulfoxides 



Another type of chiral alkene applied in 1,3-dipolar cycloadditions are vinyl 
groups attached to chiral phosphine oxides or sulfoxides. Brandi et al. (150,151) 
used chiral vinyl phosphine oxide derivatives as alkenes in 1,3-dipolar cycloaddi- 
tions with chiral nitrones. This group also studied reactions of achiral nitrones with 
chiral vinyl phosphine oxide derivatives. Using this type of substrate, fair endo/exo- 
selectivities were obtained. In reactions involving optically pure vinyl phosphine 
oxides, diastereofacial selectivities of up to 42% de were obtained. Chiral vinyl 
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H 



( 102 ) 

(27) (100) exo-{101) (+)-sedridine 

Yield = 85-95% 
d£endo= 82-96% 

Scheme 12.33 



sulfoxides have been applied in 1,3-dipolar cycloadditions more frequently (152- 
164). Louis and Hootele (152,156) have studied the 1,3-dipolar cycloadditions of 
vinyl sulfoxides 100 in 1,3-dipolar cycloadditions with the cyclic nitrone 77 
(Scheme 12.33). The reactions proceeded with absolute exo- selectivity, and, 
especially when the substituent at the (Z)-alkene is phenyl, high de of 96%. In 
the case where R=Me (de = 82%) the product 101 has been applied in the synthesis 
of the natural product (-l-)-sedridine (102). 

Fluoro- substituted chiral vinyl sulfoxides such as 103 have been used in 1,3- 
dipolar cycloadditions with various benzonitrile oxides (Scheme 12.34) (158). 
The reaction proceeded slowly at room temperature, however, after 5-10 days the 
isoxazoline ( 104 ) was obtained with excellent de in good yield. In some cases, the 
product tends to eliminate the 5-methoxy substituent of the isoxazoline, thus, after 
loss of two chiral centers, an isoxazole is obtained (158,159). Other chiral sulhnyl 
derivatives have also been used in 1,3-dipolar cycloadditions with nitrile oxides 
(160,161), and in one case a racemic vinyl phosphine was used in reactions with 
various nitrile oxides, but with moderate selectivities (151). 

Diastereoselective reactions of azomethine ylides with chiral vinyl sulfoxides 
have also been conducted (Scheme 12.35) (162-164). The 1,3-dipolar cycloaddition 
of (R)s-;r-tolyl vinyl sulfoxide ( 106 ) with l-methyl-3-oxidopyridinum ( 105 ) gave 
three of the four possible diastereomers, and one of these isomers 107 was used for 
the enantioselective synthesis of the (iS)-(— )-2a-tropanol 108 (162). 



V T rt 

p-Tol .. OMe 

(103) (104) 

de = 100% 

Scheme 12.34 
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Me 

(105) 




THF = tetrahydrofuron 




Scheme 12.35 



12.2.2.6. Alkenes with More Distant Chiral Centers 



In all of the above reactions, a chiral center of the alkene was located in the 
allylic position. However, as shall be demonstrated next, more distant chiral centers 
may also lead to highly selective cycloadditions with 1,3-dipoles. In two recent 
papers, the use of exocyclic alkenes has been applied in reactions with C,N- 
diphenylnitrone (165,166). The optically active alkenes 109 obtained from (5)- 
methyl cysteine have been applied in reactions with nitrones, nitrile oxides, and 
azomethine ylides. The 1,3-dipolar cycloaddition of 109 (R = Ph) with C,N- 
diphenyl nitrone proceeded to give endoa-110 and exOa-110 in a ratio of 70:30 
(Scheme 12.36). Both product isomers arose from attack of the nitrone 68 at the 




( 111 ) 

de =100% 



Scheme 12.36 
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(112) (113) 

Scheme 12.37 



face of the alkene 109 anti to the phenyl substituent. The optically active alkene 109 
(R = Me) also reacts with 3,5-dichlorobenzonitrile oxide at room temperature to 
furnish the jptro-isoxazoline ( 111 ) as the sole regio- and stereoisomer in 72% yield 
(Scheme 12.36) (167). Reactions of azomethine ylides with 109 have also been 
described, however, in these reactions, the Michael adducts were isolated and thus 
these reactions will not be described here (168). 

Chiral exocyclic alkenes such as 112 , also having the chiral center two bonds 
away from the reacting alkene moiety, have been used in highly diastereoselective 
reactions with azomethine ylides, and have been used as the key reaction for the 
asymmetric synthesis of (5')-(— )-cucurbitine (Scheme 12.37) (169). The aryl 
sulfone 113 was used in a 1,3-dipolar cycloaddition reaction with acyclic nitrones. 
In 113 , the chiral center is located four bonds apart from alkene, and as a result, 
only moderate diastereoselectivities of 36-56% de were obtained in these reactions 
(170). 

Nitrile oxides are relatively electron-deficient compounds that react smoothly 
with electron-rich vinyl ethers. Jenkins and co-workers (171) investigated the 
reactions of L-menthyl-, 8-phenylmenthyl- and (lS)-endo-homyl vinyl ethers with 
nitrile oxides, but generally the de values were <33%. However, use of the chiral 
vinyl ether 114 in the reaction with a number of alkyl and benzonitrile oxides 
provided product 115 with de values of up to 66% (Scheme 12.38). It is proposed 
that the syn-staggered conformation is preferred for the vinyl ether 114 as indicated 



R 




(114) (115) 

de = 66% 

R = Me, Et, f-Bu 

Scheme 12.38 
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Scheme 12.39 



in Scheme 12.39, and that the nitrile oxide attacks the double bond from the least 
hindered re-face, leading to diastereomer 115 as the major product. 

The optically pure tricarbonyl chromium(O) complexes 116 have proven to offer 
an effective shielding of one of the faces of the alkene. Complex 116 was subjected 
to a 1,3-dipolar cycloaddition with the sterically crowded nitrile oxide 117 (Scheme 
12.39) (172). The reaction proceeds at room temperature to give a 70% yield of 
118 . After removal of the tricarbonylchromium moiety by a light induced oxidation 
with air, compound 119 was obtained with an optical purity of 98% enantiomeric 
excess (ee). 



12.2.2.7. Heteroatom Dienophiles 

A few reports of asymmetric 1,3-dipolar cycloadditions of azomethine ylides 
with chiral hetero-double bonds have been reported. Whereas Harwood and co- 
workers (82,83) used chiral azomethine ylides to conduct diastereoselective hetero- 
dienophile-azomethine ylide cycloadditions (see above). Viso et al. (173,174) used 
enantiopure chiral sulfimines such as 120 for reactions with a stabilized azomethine 
ylide 121 (Scheme 12.40). The dipole 121 was generated in situ from the 
corresponding amino ester-derived precursor and LDA. The reaction of 120 with 
121 gave the corresponding products 122 (R=Bn, Me or /-Pr, Ar=Ph, /7-N02Ph) 
in yields ranging from 53-80% and diastereoselectivities ranging from 90-96% 
de (173). Glycine-derived azomethine ylides failed to react under the above 
conditions. However, in the presence of BF 3 -OEt 2 , the reaction succeeded. In 
this reaction, the Mannich product was obtained as a stable intermediate (174). It 
was demonstrated that the product 122 (R=H, Bn, Ar=Ph) of both reactions could 
be converted into the corresponding 2,3-diaminoalcohols. 
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Scheme 12.40 



12.2.3. Intramolecular Reactions 

Intramolecular 1,3-dipolar cycloadditions of alkenyl nitrones have found broad 
application in organic synthesis (1). They have several advantages over the 
corresponding intermolecular reactions. Due to entropy factors, the activation 
barrier for the reaction is lower, allowing for lower reaction temperatures and for 
the use of dipoles and dipolarophiles of lower reactivity. The degree of freedom in 
the transition state of an intramolecular reaction is, of course, limited compared 
with the intermolecular reactions. Hence, a higher degree of regio-, endo/exo-, and 
diastereofacial selectivities are normally observed in intramolecular 1,3-dipolar 
cycloadditions. In intramolecular 1,3-dipolar cycloadditions the alkene part may be 
linked to a terminal atom, or if possible, to the central atom of the 1,3-dipole 
(Scheme 12.41). The latter case is only possible for allyl anion-type 1,3-dipoles 
with a central nitrogen atom, such as nitrones and azomethine ylides. The majority 
of the reported intramolecular 1,3-dipolar cycloadditions are those in which the 
alkene part is linked to the terminal atom of the dipole. This type of reactions gives 
rise to two regioisomers in which the five-membered ring product formed is either a 
bicyclo[X,3,0]- or a bicyclo[X,2,l]-compound (A and B). The most frequently 
observed product is the bicyclo[X,3,0]compound. 

As mentioned in the beginning of this chapter, we have chosen to focus mainly 
on other areas than the intramolecular 1,3-dipolar cycloadditions, and thus only few 
examples of these processes will be highlighted here. For a more comprehensive 
coverage of this area, readers are directed to existing reviews (5,6). 




bicyclo[X,3,0] bicyclo[X,2,l] 



Scheme 12.41 
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DIBAL = diisobutylaluminium hydride 

Scheme 12.42 



12.2.3.1. Nitrones and Nitronates 



As for intermolecular 1,3-dipolar cycloadditions, the endo- and exo-isomers of 
each of the regioisomers can be formed in intramolecular reactions. In most cases, 
the exo-isomer is favored for steric reasons. 

A classical method for controlling the stereoselectivity of intramolecular nitrone 
cycloadditions is to have a chiral center located on the chain between the nitrone 
and the alkene moiety (175-222). In a few other cases, the chirality is located 
outside the formed ring system (223-229). Marcus et al. (230) recently described an 
intramolecular 1,3-dipolar cycloadditions of the 5-alkenyl- and 6-alkenylnitrones 
124 and 127 (Schemes 12.42 and 12.43). The chiral starting material 123 was 
obtained in 97% ee from an enzymatic cyanohydrin formation. Subsequent 
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Scheme 12.43 
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reduction and condensation with benzyl hydroxylamine was performed in a one-pot 
procedure. The nitrone 124 was, however, never isolated, since it spontaneously 
undergoes intramolecular 1,3-dipolar cycloaddition to form 125 . The bicyclo[3.3.0] 
product 125 was obtained as the only observable regio- and stereoisomer, and an 
optical purity of 97% ee was found. Finally, the product 126 was obtained by a 
reduction. 

The nitrone 127 (96% ee) containing an additional carbon atom was synthesized 
in a similar manner as 124 . However, for nitrone 127 , no spontaneous cyclization 
took place (Scheme 12.43). Upon heating of 127 in toluene, an inseparable mixture 
of product isomers was formed. It was also found that in the presence of a 
stoichiometric amount of ZnCl 2 , the reaction proceeded to give the bicyclo [4.2.1] 
product 128 as the only observed product with close to complete retention of 
enantiopurity (ee = 94%). The authors propose a more polarized transition state of 
the Zn-mediated reaction with a well-developed positive charge on one of the 
carbon atoms of the alkene moiety to account for the inverted direction of the 
regioselectivity of the reaction (230). A subsequent reduction gave the functiona- 
lized cycloheptane 129 . 

An alternative and elegant approach to bicyclo[3.3.0]isoxazolidines from alkenyl 
oximes was developed by Grigg (205) and applied in asymmetric reactions by 
Hassner et al. (206-209) and others (210). The optically active L-serine derived 
oxime 130 was proposed to be in a thermal tautomeric equilibrium with the nitrone 
tautomer 131 , which underwent an intramolecular 1,3-dipolar cycloaddition to form 
the product 132 in 80% yield as a single stereoisomer (Scheme 12.44) (209). 

Alkenyl nitrones, having the alkene connected to the nitrone nitrogen atom, have 
been used in another approach to intramolecular reactions (231-235). Holmes and 
co-workers have this method for the synthesis of the alkaloid (— )-indolizidine 209B 
137 (210,231). The alkenyl nitrone 134 , was obtained from the chiral hydroxyla- 
mine 133 and an aldehyde. In the intramolecular 1,3-dipolar cycloaddition, 135 was 
formed as the only isomer (Scheme 12.45). The diastereofacial selectivity was 
controlled by the favored conformation of the cyclohexane-like transition state in 
which the pentyl group was in a pseudoequatorial position, as indicated by 134 . 
Further transformation of 135 led to the desired product 137 . 




Scheme 12.44 
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sole product 




848 



Asymmetric Reactions 




1. KHCO 3 

2. MsCl 



3. Zn/H+ 



(136) 



C5H11 

(137) 

(-)-indolizidine 209B 





Scheme 12.45 



Nitronates have also been applied in intramolecular 1,3-dipolar cycloaddition 
reactions. Denmark and Thorarensen (64) extensively studied the application of 
cyclic alkyl nitronates in tandem[4+2]/[3+2] cycloadditions of nitroalkanes. In 
most cases, the stereoselectivity of these reactions is directed by a chiral auxiliary 
and will thus be outlined in Section 12.3.4. The reader is also directed to the 
excellent chapter by Denmark in Chapter 2. 



12.2.3.2. Nitrile Oxides 



The use of alkenyl nitrile oxides is an effective method for the construction of bi- 
and polycyclic isoxazolines (2,4,200,236,237). Due to the rigid linear structure of 
the nitrile oxide, the reaction of alkenyl nitrile oxides almost always proceeds to 
give bicyclo[X,3,0] derivatives for X = 3-5. Most frequently, the diastereoselec- 
tivities are controlled by a chiral center on the link between the alkene and the 
dipole groups. 

Compared to the intramolecular 1,3-dipolar cycloadditions of nitrones, the 
corresponding reactions of acyclic alkenyl nitrile oxides rarely gives complete 
diastereoselectivity, which can also be explained by the structure of the nitrile 
oxide. One exception of this is the intramolecular reactions of the o-glucose derived 
5-alkenyloxime 138 , described by Gallos et al. (238) (Scheme 12.46). The nitrile 
oxide was obtained by the standard chlorination-elimination of oxime 138 . 
The benzyloxy groups of the carbon back-bone direct the facial selectivity of the 
1,3-dipolar cycloaddition to give 139 as the only diastereomer. Subsequent reduc- 
tion of the C=N double bond with NaBHsCN proceeded with complete diaster- 
eoselectivity and without reduction of the N— O bond to give 140 , having an 
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sole diastereomer 




Scheme 12.46 



BnO'^ 




Scheme 12.47 



additional chiral center. It was also shown that the N— O bond of 140 could be 
cleaved by reduction with H 2 over Raney Ni. 

For alkenyl nitrile oxides having the alkene in a cyclic structure, such as 
compound 141 , high diastereoselectivities can be obtained (Scheme 12.47). 
Compound 141 is formed in situ, and undergoes a spontaneous cyclization to 
furnish 142 as the sole diastereomer. Toyota et al. (239) used the tricyclic 
isoxazoline 143 in the synthesis of (+)-pumiliotoxin C. 

The final example of the intramolecular 1,3-dipolar cycloadditions of nitrile 
oxides is the formation of the norbornadiene-derived tetracyclic adducts 146 , 
described by Tam and co-workers (240,241). The nitrile oxide 145 , formed from 
144 by dehydration, can in principle give rise to four different cycloaddition 
products (three [2,3]-cycloaddition products). In practice, only diastereomer 146 
was obtained. The reaction was used on substrates with a variety of different 
substituents (R=H, Me, hexyl. Cl, Br, C02Me, CH20Me), and in these cases, 
yields ranging between 66-89% were obtained (Scheme 12.48). 





Scheme 12.48 
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12.2.3.3. Other Dipoles 

For intramolecular 1,3-dipolar cycloadditions, the application of nitrones and 
nitrile oxides is by far most common. However, in increasing frequency, cases 
intramolecular reactions of azomethine ylides (76,77,242-246) and azides (247- 
259) are being reported. The previously described intermolecular approach devel- 
oped by Harwood and co-workers (76,77) has been extended to also include 
intramolecular reactions. The reaction of the chiral template 147 with the alkenyl 
aldehyde 148 led to the formation of the azomethine ylide 149 , which underwent an 
intramolecular 1,3-dipolar cycloaddition to furnish 150 (Scheme 12.49). The 
reaction was found to proceed with high diastereoselectivity, as only one diaster- 
eomer of 150 was formed. By a reduction of 150 , the proline derivative 151 was 
obtained. 

Few asymmetric intermolecular 1,3-dipolar cycloaddition of azides are known, 
probably due to the relatively poor reactivity of this species. This lack of reactivity 
is compensated for by the favorable entropy of intramolecular reactions, and several 
examples of asymmetric intramolecular azide 1,3-dipolar cycloadditions have been 
described (247-259). Among the advantages of the azide dipole is its ease of 
preparation, its stability and the specificity of its reactions. One example of is the 
tandem Wittig- 1,3-dipolar cycloaddition by Herdeis and Schiffer (252,260). A 
diastereomeric mixture of the half-acetal 152 was treated with a Wittig reagent to 
give 153 (Scheme 12.50). This intermediate could not be isolated because a 
intramolecular 1,3-dipolar cycloaddition followed immediately to give 154 . In 




(151) 



(150) 

sole isomer 



Scheme 12.49 
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(152) 



(153) 




Scheme 12.50 



the presence of traces of base such as triethylamine 154, is in equilibrium with 155. 
Heating of a mixture of 154 and 155 gave the stereochemically homogeneous 
product 156 after loss of nitrogen. 



12.3. DIASTEREOSELECTIVE REACTIONS OE SUBSTRATES 
WITH CHIRAL AUXILIARIES 



Chiral auxiliaries are very often applied for induction of asymmetry in 1,3- 
dipolar cycloadditions. For most of the reactions described in this section, recovery 
of the chiral auxiliary has been demonstrated, but for some reactions the chiral 
moiety has the potential to be recovered, although it was not performed. Most 
frequently, the chiral auxiliary is connected to the dipolarophile, very often as a,(3- 
unsaturated esters or amides. In a few cases, auxiliaries have been attached to the 
1,3-dipole. 



12.3.1. a,P-Unsaturated Esters 

The most commonly applied a,p-unsaturated ester auxiliary is the menthol 
group. It is inexpensive and easy to handle. Several different menthyl 2-alkenoates 
(157), in particular acrylates, have been applied in 1,3-dipolar cycloaddition 
reactions (Scheme 12.51). The major drawback of the menthyl ester auxiliary in 
1,3-dipolar cycloadditions are the poor selectivities often associated with these 
reactions, except for reactions with azomethine ylides. 
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(160a): R = H (161): R2 = cyclohexyl (162) 

(160b): R = Me 




(163) (164) 

Scheme 12.51 



Acrylates 157a and crotonates 157b have been applied In reactions with both 
acyclic and cyclic nitrones, but low selectivities were obtained (Scheme 12.51) 
(261,262). For the dimenthyl fumarate (157c) (R = Menth02C— ), however, the 
cycloaddition with an acyclic nitrone gave complete stereoselection (120). Com- 
pounds 157a, b have also been used in cycloadditions with nitrile oxides (263,264), 
although in these cases poor selectivities were observed. Similar poor selectivity 
was observed in the reactions of 157a with diazo compounds (265). Much 
better selectivities were obtained in reactions of 157a with azomethine ylides 
(Scheme 12.51). The reactions of metal-stabilized azomethine ylides (see above) 
with 157a were described in a series of papers by Grieg and co-workers (266-270). 
In several reactions, only one diastereomeric product was obtained. 
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Brandi and co-workers (271) applied the familiar a,P-unsaturated esters 158 and 
159 in reactions with cyclic nitrones. In these reactions, the isoxazolidine products 
were formed as intermediates, which immediately underwent N-alkylation to give 
tricyclic compounds. The reactions proceeded in both cases with moderate 
selectivities of 39% de for 158 and 57% de for 159. Most remarkably, the reactions 
proceeded with opposite face selectivity. 

The camphor-derived chiral acrylate 160a was used in reactions with nitrones by 
Olsson (272) (Scheme 12.51). They observed low endo/exo-selectivity, but excel- 
lent diastereofacial discrimination in the reactions of cyclic nitrones with 160a. 
They also studied the reactions of nitrile oxides with 160a, b. Fair selectivity of up 
to 68-75% de was obtained. However, for the reaction of the crotonyl derivative 
160b with nitrile oxides, mixtures of regiomers were obtained. 

The auxiliary acrylates 161 and 162 have been used in 1,3-dipolar cycloaddi- 
tions with nitrile oxides. The camphor-derived acrylate 161 underwent a 1,3-dipolar 
cycloaddition with benzonitrile oxide with up to 56% de (Scheme 12.51) (263). The 
auxiliary in acrylate 162 is derived from naturally occurring L-quebrachitol, and 
provided an effective shielding of the re-face of the alkene in the reaction with 
benzonitrile oxide, as 90% de was obtained (273). Compound 163 was used in a 
reaction with the nitrone 1 -pyrrole- 1 -oxide, and the reaction proceeded to give a 
complex mixture of products (274). 

The chiral acrylate 164 was used in a 1,3-dipolar cycloaddition with a nitrile 
imine. Bis(trityl)nitrile imine was found to undergo a diastereoselective 1,3-dipolar 
cycloaddition with (/?)-a-(acyloxy)-p,P-dimethyl-y-butyrolactone 164 to give the 2- 
pyrazoline product with a de of 50% (Scheme 12.51) (275). 

12.3.2. a,P-Unsaturated Amides 

One of the most successful auxiliaries for a,P-unsaturated carbonyl compounds 
for not only 1,3-dipolar but also other cycloadditions is Oppolzer’s chiral sultam 
(276). In particular, the acrylate 165 of Oppolzer’s chiral sultam is one of the most 
frequently used substrates for asymmetric 1,3-dipolar cycloadditions, as shown in 
Scheme 12.52. 

The reactions of nitrones with 165 have been described (277-279). In the 
approach described by Koskinen and co-workers (279), the bulky nitrone 166 was 
used in a reaction with 165 to give a 20:1 mixture of 167 and an unidentified 
diastereomer (Note: Opposite enantiomers are shown here). Reactions of less bulky 
nitrones gave lower selectivities (277,278). Kim et al. (280,281) described reactions 
of 165 with silyl nitronates (Scheme 12.52). The configuration of the direct 
isoxazolidine products was not determined. Instead, diastereoselectivities of 
66-88% de of 169 were found after elimination of the silyloxy group. The reaction 
of various nitrile oxides proceeded to give the same isoxazoline products 169 as 
obtained for nitronates (Scheme 12.52). For the reactions of 165 with various alkyl 
and aryl nitrile oxides 170, the products 169 were obtained with diastereoselec- 
tivities of 62-90% de (282-286). In a theoretical study, it was proposed that the 
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174 

endo/exo = 0:100 
>90% de 

Scheme 12.52 

preferred conformation of the acryloyl moiety in 165 is s-cis, where the carhonyl 
group points away from the sultam oxygen atom (282,283). The face selection of 
the nitrile oxide 1,3-dipolar cycloaddition with 165 cannot he explained in terms of 
the conventional face shielding by sterically bulky groups. Based on theoretical 
semiempirical and ab initio calculations, Kim et al. (283) suggested that the jt-face 
is shielded by electrostatic repulsion between the sultam oxygen atoms and the 
oxygen atom of the incoming nitrile oxide. In calculations where the sultam 
oxygens were removed and the geometry of the acryloyl moiety was locked, no 
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face selection was predicted. Curran and co-workers (284,285) applied Oppolzer’s 
chiral sultam as the auxiliary for the preparation of (-l-)-hepialone and (— )-pestalotin. 

Carriera and co-workers (287) described the 1,3-dipolar cycloaddition of 
trimethylsilyldiazomethane 171 with 165 (Note: Opposite enantiomers are shown 
here). The intermediate 1-pyrazoline obtained from this reaction rearranged after 
acidic work up to furnish the 2-pyrazolines 172 with 80-88% de (Scheme 12.52). 
By further conversion of these products, optically active azaprolines were synthe- 
sized. 

Azomethine ylides have also been subjected to reactions with 165 (Scheme 
12.52). Garner and Ho (288) developed the reaction of the photogenerated 
azomethine ylide 173 with 165 for the synthesis of quinocarcin. The reaction 
gave 174 with complete endo/exo selectivity and with more than 90% de. Other 
types of azomethine ylides have also been used in reactions with 165 and its 
derivatives (289,290). 

Karlsson and Hogberg (291,292) applied the thiocarbonyl ylide 175 in a 
diastereoselective 1,3-dipolar cycloaddition with 165 . The thiocarbonyl ylide was 
generated in situ by an elimination reaction. The reaction with 165 gave 176 
(R = Bu, BnO, Ph) with selectivities of up to 64-80% de. Furthermore, the 
cycloaddition of a chiral galactose-derived nitrile imine with 165 has been reported 
(104). 

For most of reactions of different 1,3-dipoles with Oppolzer’s chiral sultam 
shown in Scheme 12.52, it has been demonstrated that the auxiliary can be 
recovered. 

Wallace et al. (293) applied the boronic ester derivative 177 of Oppolzer’s 
sultam acrylate for a special nitrile oxide cycloaddition (Scheme 12.53). This 
reaction has the advantage that it allows for the introduction of a hydroxy group in 
the 4-position of the isoxazoline product 178 after oxidative cleavage of the boronic 




(179) 



Scheme 12.53 
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ester. Furthermore, complete regio- and diastereoselectivity was obtained in this 
reaction. Protection of the hydroxy group in 178 followed by reduction with 
L-selectride, methylation, and deprotection furnished the isoxazoline product 179 
under recovery of the chiral auxiliary. 

A series of other a,P-unsaturated amide auxiliaries have been used for 1,3- 
dipolar cycloadditions, in particular for reactions of nitrile oxides (Scheme 12.54). 




(180) (181) (182) 

up to 98% de up to >94% de up to 50% de 

with nitrile oxides (294) with nitrile oxides (295) with nitrile oxides (308) 




(183) (184) (185) 

up to 90% de de = 86% poor selectivities 

with nitrile oxides (298) with nitrile oxides (299-301) with nitrile oxides (309) 




(186) (187) (188) 

up to 100% de up to >98% de R* = Bn, = Me, R^ = Me 

with nitrile oxides (296) with nitrile oxides (297) up to 92% de 

with nitrile oxide (303) 

R^OC up to 86% de 

with silyl nitronates (302) R' = i-Pr, R^ = H , R^ = Me 
exo/endo =<1:>99 
up to 100% de 
with nitrones (16,277,304) 



(189) 

exo/endo =<1:>99 
up to >98% de 

with azomethine ylides (306,307) 




Scheme 12.54 



Various R* and R^, R^= H 
up to 60% de 

with azomethine ylides (305) 
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The a,p-unsaturated amides 180-188a have all been used in 1,3-dipolar cycloaddi- 
tions with nitrile oxides, and some of them represent the most diastereoselective 
reactions of nitrile oxides. The camphor derivative 180 of Chen and co-workers 
(294), the sultam 181 of Oppolzer et al. (295), and the two Kemp’s acid derived 
compounds 186 (296) and 187 (297) described by Curran et al. (296) are excellent 
partners for diastereoselective reactions with nitrile oxides, as very high diastereos- 
electivities have been observed for all of them. In particular, compound 186 gave, 
with few exceptions, complete diastereoselection in reactions with a wide range 
of different nitrile oxides. Good selectivities were also observed when using 
compounds 183 (298) and 184 (299-301) in nitrile oxide cycloadditions, and they 
have the advantage that they are more readily available. Curran and co-workers also 
studied the 1,3-dipolar cycloaddition of 187 with silyl nitronates. However, 
compared to the reactions of nitrile oxides, lower selectivities of up to 86% de 
were obtained (302). 

The amino acid derived chiral oxazolidinone 188 is a very commonly used 
auxiliary in Diels-Alder and aldol reactions. However, its use in diastereoselective 
1,3-dipolar cycloadditions is less widespread. It has, however, been used with nitrile 
oxides, nitrones, and azomethine ylides. In reactions of 188 (R'=Bn, R^=Me, 
R^ = Me) with nitrile oxides, up to 92% de have been obtained when the reaction 
was performed in the presence of 1 equiv of MgBr 2 (303). In the absence of a metal 
salt, much lower selectivities were obtained. The same observation was made for 
reactions of 188 (R' =Bn, R^ = H, R^= Me) with cyclic nitrones in an early study by 
Murahashi et al. (277). In the presence of Znl 2 , endo/exo selectivity of 89: 1 1 and up 
to 92% de was observed, whereas in the absence of additives, low selectivities 
resulted. In more recent studies, it has been shown for 188 (R^ = /-Pr, R^ = H, 
R^ = Me) that, in the presence of catalytic amounts of Mgl 2 -phenanthroline (10%) 
(16) or Yb(OTf)3(20%) (304), the reaction with acyclic nitrones proceeded with 
high yields and stereoselectivity. Once again, the presence of the metal salt was 
crucial for the reaction; no reaction was observed in their absence. Various 
derivatives of 188 were used in reactions with an unsubstituted azomethine ylide 
(305). This reaction proceeded in the absence of metal salts with up to 60% de. The 
presence of metal salts led to decomposition of the azomethine ylide. 

The 1,3-dipolar cycloaddition of 189 with metalla-azomethine ylides was 
described by Waldmann et al. and others (306-309). In some cases, the reactions 
proceeded with almost complete endo/exo selectivity ( > 99: < 1) and with de values 
of up to >98%. 

12.3.3. Other Auxiliaries Attached to Dipolarophiles 

Chiral furanones (butanolides) such as 191 have been used as dipolarophiles 
in various 1,3-dipolar cycloadditions. The chiral 4-substituted butanolide 190 
was prepared from 191 and the chiral auxiliary menthol (Scheme 12.55) (310,311). 
The single diastereomer 191 is obtained by crystallization and epimerization of 
the other diastereomer, as the amount of 191 in solution decreases. 1,3-Dipolar 
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(196) 

endo/exo = 100:0 
de >95% 



(194) 

90: 10 mixture of regioisomers 

rie(both isomers) ~ 100% 



Scheme 12.55 



cycloadditions of 191 have been performed with nitrones (310,311), diazoalkanes 
(311,312), nitrile oxides (310,311), and azomethine ylides (310,266), as shown in 
Scheme 12.55. For all reactions, the menthol moiety efficiently shields one face of 
the alkene, and nearly complete diastereoselectivity was observed. However, in the 
reaction between 191 and diphenyl nitrone, an exo/endo ratio of 65:35 of 192 was 
noted. In the reaction of nitrile oxides with 191 , mixtures of regioisomers were 
obtained. 

The use of chiral vinyl ethers in 1,3-dipolar cycloadditions with nitrones allows 
for the subsequent removal and recovery of the chiral group. Using the chiral vinyl 
ether 197 and the cyclic nitrone 77 , the cycloaddition proceeded with high 
diastereoselectivity (Scheme 12.56). The endo/exo-selectivity was not given in 
this communication by Carruthers et al. (313), but this is of minor importance for 
the final outcome of this work, since one of the chiral centers was destroyed in the 
conversion of 198 into the final producf 199 . The chiral auxiliary can by recovered 
in this reaction sequence, and 199 was obtained with an optical purity of >95% ee. 
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(197) (77) (198) (199) 



Scheme 12.56 

Barluenga et al. (314,315) used an a,P-unsaturated Fischer carbene complex 200 
(Scheme 12.57) bearing a 9-phenylmenthol auxiliary in 1,3-dipolar cycloadditions 
with various 1,3-dipoles. Diastereoselective 1,3-dipolar cycloadditions of nitrile 
imines are relatively rare. However, compound 201 was used in a 1,3-cycloaddition 
with 200 (314). The direct adduct of the reaction was unstable. For this reason, an 
oxidation was promoted with pyridine A-oxide to give 202 in moderate to good 
yields. For a series of different aromatic substituents, the reactions proceeded with 
high regioselectivities in favor of 202 and with high de >90%. The 1,3-dipolar 
cycloaddition of diazo compounds with 200 has also been studied by this group, but 
the observed selectivities of these reactions were lower (315). 

In three separate papers, the use of chiral boronic esters in 1,3-dipolar 
cycloadditions with nitrile oxides have been described (316-318). The reaction 
of 203 with nitrile oxides proceeded with low diastereoselectivities (Scheme 12.58). 




Ph 

(203) (204) (205) 

Scheme 12.58 
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The direct cycloaddition adduct was oxidized, resulting in the hydroxylated 
isoxazoline product (316). Better selectivities were obtained in 1,3-dipolar cycload- 
ditions of 204 with nitrile oxides (317,318). The 1,3-dipolar cycloadditions 
proceeded with concomitant loss of the boron group to give the isoxazoline 
products in up to 74% ee (318). The alkene 204 was also tested in reactions with 
nitrones. The reactions proceeded with poor yields, but high selectivities were 
observed in two cases (318). Gilbertson et al. (319) investigated the use of chiral 
a,P-unsaturated hexacarbonyldiiron acyl complexes 205 as dipolarophiles in 
reactions with nitrones. Selectivities of up to >92% de were observed. The iron 
moiety was removed oxidatively after the cycloaddition and the thioester was 
hydrolyzed. 



12.3.4. Auxiliaries Attached to 1,3-Dipoles 



Garner et al. (90,320) used aziridines substituted with Oppolzer’s sultam as 
azomethine ylide precursors. The azomethine ylide generated from 206 added 
to various electron-deficient alkenes, such as dimethyl maleate, A-phenylmalei- 
mide, and methyl acrylate, giving the 1,3-dipolar cycloaddition product in good 
yields and up to 82% de (for A-phenylmaleimide). They also used familiar 
azomethine ylides formed by imine tautomerization (320). Aziridines such as 
207 have also been used as precursors for the chiral azomethine ylides, but in 
reactions with vinylene carbonates, relatively low de values were obtained (Scheme 
12.59) (92). 

Oppolzer et al. (321) applied his own sultam as the auxiliary for a cyclic nitrone 
in the synthesis of (— )-allosedamine (Scheme 12.60). The enantiomerically pure 
nitrone 209 was synthesized from 208 by base treatment, attack of the enolate on 
1-chloro-l-nitrosocyclohexane at the nitrogen atom, and subsequent elimination of 
chloride. Subsequent addition of aqueous HCl gave the cyclic nitrone 209. The 
nitrone participated in a 1,3-dipolar cycloaddition with styrene, proceeding with 
complete exo-specificity. The product, 210, was obtained with a de of 93%. Two 
further reaction steps yield the piperidine alkaloid (— )-allosedamine 211 in an 
overall yield of 21%. 




Scheme 12.59 
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Scheme 12.60 



Katagiri et al. (48,322,323) applied L-menthone and an in situ generated nitroso 
ketene for the synthesis of nitrone 212 , as shown in Scheme 12.61. The nitrone 
showed high selectivities in reactions with various allyl silanes. High pressure or 
the presence of BF 3 • Et 20 was required for the reaction to proceed. In the reaction 
of 212 with allyltrimethylsilane in the presence of BF 3 -Et 20 , isoxazolidine 
( 213 ) was obtained as the sole product. After hydrolysis and hydrogenolysis. 




(213) 



( 212 ) 



Scheme 12.61 
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Scheme 12.62 



enantiomerically pure a-amino acids were synthesized and the L-menthone was 
recovered. For reactions of chiral racemic allyl silanes, nitrone 212 in some cases 
reacted with only one of the isomers (i.e., kinetic resolution took place). 

Vasella and co-workers (324-329) developed an elegant method for the 
introduction and recovery of sugar derivatives as auxiliaries for nitrones, and this 
methodology has later been used by others groups (330-332). Chiacchio et al. (332) 
applied this method for the synthesis of homochiral isoxazolidinylthymidines 218 . 
Oxime 214 is obtained from the corresponding protected carbohydrate; in this case 
ribofuranose (Scheme 12.62). The oxime is in equilibrium with hydroxylamine 215 , 
which is subjected to condensation with ethyl glyoxylate. The nitrone 215 under- 
went reaction with vinyl acetate in situ to form 217 . The cis/trans selectivity of the 
reaction was poor, as close to a 1:1 mixture of C(5)-epimers was obtained, however, 
the diastereofacial selectivity was high, since only one cis and one trans adduct 
were obtained. From either isomer of 217 , the nucleoside analogue 218 could be 
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Scheme 12.63 



(223) 

(— )-detoxinine 



obtained. First thymine was introduced, followed by a acid catalyzed hydrolysis of 
the sugar isoxazolidine to give homochiral 218 (332). 

Cyclic alkyl nitronates may be used in tandem [4+2]/[3+2] cycloadditions of 
nitroalkanes, and this reaction has been extensively studied by Denmark et al. 
(64,333-335). In recent work, they developed the silicon-tethered heterodiene- 
alkene 219 (Scheme 12.63). Steric hindrance and the fact that both the nitroalkene 
and the a,P-unsaturated ester in 219 are electron deficient renders the possibility of 
self-condensation. Instead, 219 reacts with the electron-rich chiral vinyl ether 220 
in the presence of the catalyst 224 to form the intermediate chiral nitronate 221 . 
The tandem reaction proceeds from 221 with an intramolecular 1,3-dipolar 
cycloaddition to form 222 with 93% de. Further synthetic steps led to the formation 
of (— )-detoxinine 223 (333). A similar type of tandem reaction has also been 
applied by Chattopadhyaya and co-workers (336), using 2',3'-dideoxy-3'-nitro- 
2',3'-didehydrothymidine as the starting material (336). 
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12.4. CATALYTIC ASYMMETRIC 1,3-DIPOLAR 
CYCLOADDITIONS 



The development and application of catalytic enantioselective 1,3-dipolar 
cycloadditions is a relatively new area. Compared to the broad application of 
asymmetric catalysis in carbo- and hetero-Diels-Alder reactions (337,338), which 
has evolved since the mid-1980s, the use of enantioselective metal catalysts in 
asymmetric 1,3-dipolar cycloadditions remained almost unexplored until 1993 (5). 
In particular, the asymmetric metal-catalyzed reactions of nitrones with alkenes has 
received considerable attention during the past 5 years. 

12.4.1. Basic Aspects 

The relative frontier molecular orbital (FMO) energies of the reagents are very 
important for the catalytic control of 1,3-dipolar cycloadditions. In order to control 
the stereochemical outcome of a reaction with a substoichiometric amount of a 
ligand-metal catalyst, it is desirable that a large rate acceleration is obtained in 
order to assure that the reaction only takes place in the sphere of the metal and the 
chiral ligand. The FMO considerations will be outlined in the following using 
nitrones as an example. 

Nitrones can be activated mainly in two different ways for the 1,3-dipolar 
cycloaddition with alkenes. In the reaction between a nitrone and an 
electron-deficient alkene, such as an a,p-unsaturated carbonyl compound (a normal 
electron-demand reaction), it is primarily controlled by the interaction between 
HOMOnitrone-LUMOaikene (Scheme 12.64). By coordination of a Lewis acid (LA) 
catalyst to the a,P-unsaturated carbonyl compound, the LUMOaikene energy 
decreases and a better interaction with the nitrone can take place (16,17). 

The other catalytic approach to the 1,3-dipolar cycloaddition is via inverse 
electron demand, in which the nitrone is activated for addition to an electron-rich 
alkene such as, for example, a vinyl ether (Scheme 12.64). In this scenario, the 
FMOSaikene have higher energies than the FMOSnitrone^ and the dominating inter- 
action in such a reaction will be LUMOniu-one-HOMOaikene- In the presence of a LA 
catalyst, the nitrone can coordinate to the catalyst, leading to a decreased 
LUMOnitrone energy. The decreased energy gap between the two FMOs responsible 
for the dominating interaction may lead to an enhanced rate of the 1,3-dipolar 
cycloaddition. 

One of the problems related to the LA induced activation of a,P-unsaturated 
carbonyl compounds for the reaction with a nitrone is the competitive coordination 
of the nitrone and the a,P-unsaturated carbonyl compound to the Lewis acid 
(Scheme 12.65). Calculations have shown that coordination of the nitrone to the LA 
is more feasible than a monodentate coordination of a carbonyl compound. 
However, this problem can be circumvented by the application of alkenes such 
as 3-alkenoyl-oxazolidinones, enabling a bidentate coordination to the LA, which is 
favored over the monodentate coordination to the nitrone. 
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The normal electron-demand 1,3-dipolar cycloaddition reaction 

alkene nitrone alkene— LA complex 
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The inverse electron-demand 1,3-dipolar cycloaddition reaction 
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Scheme 12.64 



These principles of activation and induction of asymmetry apply primarily to 
reactions of nitrones. For the reactions of other 1,3-dipoles, the catalyst-induced 
control of the enantioselectivity may in some cases be achieved by other principles. 
For the metal-catalyzed reactions of azomethine ylides, carbonyl ylides, and nitrile 
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Scheme 12.65 



oxides, the catalyst is crucial for the in situ formation of the 1,3-dipole from a 
precursor. After formation, the 1,3-dipole is coordinated to the catalyst due to a 
favored chelation and/or stabilization of the substrates that provide control of the 
enantioselectivity of the reaction. 

12.4.2. Nitrones 



The first catalytic asymmetric 1,3-dipolar cycloaddition of nitrones with alkenes 
was reported by Scheeren et al. in 1994 (339). C,A-Diphenylnitrone (225a) reacted 
with ketene acetals (2) in the presence of the amino acid derived oxazaborolidi- 
nones (227) as the catalyst (Scheme 12.66). In this reaction, an electron-rich alkene 
is involved, and the reaction proceeds by inverse electron demand. It was found that 
coordination of the nitrone to the boron of the LA strongly accelerated the 
1,3-dipolar cycloaddition with ketene acetals. The reactions of 225a with 226a,b, 
catalyzed by 20 mol% of oxazaborolidinones such as 227a,b, were carried out at 
—78 °C. In some reactions, fair enantioselectivities were induced by the catalysts, 
thus, 228a was obtained with an optical purity of 74% ee, although in low yield. 
The reaction involving 226b gave the C(3), C(4)-cis-isomer 228b as the only 
diastereomer of the product with 62% ee. 
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Scheme 12.66 
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This concept has been extended by Scheeren et al. (340), who investigated a 
series of derivatives of N-tosyl-oxazaborolidinones as catalysts for the 1,3-dipolar 
cycloaddition of 225a with 226b. Catalyst 227b was synthesized from the 
corresponding amino acid and BH 3 »THF. In this reaction, (— )-228b was obtained 
with 62% ee. If the catalyst was prepared from BH 3 »SMe 2 and diphenyl ether was 
added, a remarkable reversal of the enantioselectivity of the reaction occurred, as 
(+)-228b was formed as the major isomer with 79% ee. In more recent work, the 
same research group has applied cyclic and acyclic vinyl ethers in the oxazabor- 
olidinone catalyzed 1,3-dipolar cycloaddition with nitrones (341,342). The reaction 
of nitrone 229 with 2,3-dihydrofuran 230 with 20 mol% catalyst 227c gave 231 in 
56% yield as the sole diastereomer, although with an ee of 38% (Scheme 12.67). 

The mechanism for a normal electron-demand boron-catalyzed 1,3-dipolar 
cycloaddition has been investigated from a theoretical point of view (343). 
Ab initio calculations of the reaction between the nitrone CH 2 =N( 0 )H and acrolein 
in the presence of BH 3 showed that although the nitrone-BH 3 complex is 
predominantly formed at the early stage of the reaction, the acrolein-BH 3 , which 
is a minor contributor, shows high rate acceleration, giving the electronically 
controlled eMc/o-isoxazolidine-4-carbaldehyde complex as the major regio- and 
stereoisomeric cycloadduct. The latter reaction path has a 13.4 kcal/mol lower 
transition-state energy compared to the former one. The use of BF 3 as the LA for 
this reaction showed that the first step was the formation of the Michael-adduct 
complex followed by the cyclization step. These calculations indicated that the 1,3- 
dipolar cycloadditions of nitrones with electron- dehcient alkenes may proceed via a 
stepwise mechanism when a strong Lewis is applied as the catalyst. 

Chiral aluminium complexes have been used as catalysts for inverse electron- 
demand 1,3-dipolar cycloadditions of alkenes with nitrones, and the hrst contribu- 
tion to this field was published in 1999 (344). The chiral AlMe-BlNOL 
(BINOL = 2,2'-bis(diphenylphosphino)-l,l '-binaphthyl) complexes 235 were 
excellent catalysts for the reaction between nitrone 225a and vinyl ethers 232 
(Scheme 12.68). The diastereo- and enantioselectivities are highly dependent on the 
chiral ligand. An exo/endo ratio of 73:27 was observed, and the exo-product was 
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formed with a low ee of <5% when using 235a as the catalyst, while application of 
catalysts with substituents in the 3,3 '-positions of the ligand as in catalysts 235b-f 
led to a remarkable improvement of the selectivities. In particular, complex 235b 
has excellent properties, as the reaction performed in the presence 20 mol% of this 
catalyst gave exo-233b as the only observable diastereomer and the enantioselec- 
tivity of this product was 89% ee. The best results were obtained when using ethyl 
vinyl ether 232a. The reactions between a series of nitrones 225a-d with ethyl vinyl 
ether catalyzed by 10 mol% of 235b all proceeded to give the corresponding 
products 233 with excellent exo-selectivities and with enantioselectivities of 
88-97% ee (344). 

The proposed mechanism for this highly enantioselective AlMe-BINOL cata- 
lyzed 1,3-dipolar cycloaddition was proposed as illustrated in Scheme 12.69 (344). 
The nitrone 225a coordinates in the first step to the catalyst 235b to form 
intermediate 236. Intermediate 236, which can account for the absolute stereo- 
selectivity of this reaction, has the ji-face shielded by the ligand, whereas the 
re-face remains available for reaction with ethyl vinyl ether 232a as shown in 
the next step. The high exo-selectivity can also be accounted for by the model, as 
the ethoxy moiety of 232a is pointing away from the nitrone N-phenyl group in the 
step in which 232a approaches, as shown for complex 237. 

The 3,3 '-cross-linked polymeric binaphthol ligand 238 in combination with 
AlMe 3 is also a highly selective catalyst for the 1,3-dipolar cycloaddition reaction 
in Scheme 12.69 (345). The only observable diastereomer resulting from the 
reactions was exo-233, which was obtained with an enantioselectivity of up to 
99% ee using the aluminium catalyst of 238 (20 mol%). One of the advances of 
using a polymeric catalyst is the easy removal and recovery of the ligand from the 
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(232a) 
Scheme 12.69 



reaction. Upon completion of the reaction, the catalyst was hydrolyzed and the 
ligand precipitated by addition of MeOH. After evaporation of the solvent and the 
excess of 232a, the pure product exo-233 was isolated in high yield. Similar 
excellent selectivities were obtained for reactions of other nitrones. Another 
important advantage of using the polymeric ligand 238 is, in addition to the easy 
purification of the product, that the ligand can be isolated and reused after the 
simple precipitation procedure (Scheme 12.70). In this manner a sample of the 
polymeric ligand was isolated and reused in four consecutive reactions of nitrone 
225a and ethyl vinyl ether. Both the yield and enantioselectivity of exo-233a 
showed only slight decreases after the ligand had been reused. The slight decrease 
was ascribed to the loss of small amounts of the ligand during the recycling 
procedure (345). 
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R = CsHis 

Scheme 12.70 

The chiral AlMe-3,3^-diaryl-BINOL complexes 235b-f can also catalyze the 
1,3-dipolar cycloaddition between the cyclic nitrones 239a and ethyl vinyl ether 
232a (346). The use of the tetramethoxy-substituted derivative 235g as the catalyst 
gave the cycloaddition adduct 240a in 79% isolated yield. The diastereoselectivity 
was the same as in the acyclic case, giving an excellent ratio of exo-240a and endo- 
240a of >95: <5; exo-240a was obtained with up to 82% ee (Scheme 12.71). The 
high enantioselectivity of the exo-product opens up a new and readily accessible 
route to the enantioselective synthesis of interesting isoquinoline alkaloids. 

Chiral bisoxazoline (BOX) magnesium complexes have also been used as 
catalysts for the 1,3-dipolar cycloaddition of nitrones with alkenes (16,304). The 
Ph-BOX-Mgl 2 catalyst 242 can catalyze the 1,3-dipolar cycloaddition between 
225a and 242a,b (Scheme 12.72). In the presence of 10 mol% of 242 (X=I), the 
reaction proceeded with good to high endo- selectivity and the endo-isomer was 
obtained in an enantioselectivity of up to 82%. In this case, the bidentate and 
electron-deficient alkenoyl-oxazolidinones are activated by the catalyst for reaction 
with the nitrone. Thus, contrary to the reactions catalyzed by the monodentate 
aluminium catalysts described above, the magnesium-catalyzed reaction proceeds 
according to the normal electron-demand concept. 

When the 1,3-dipolar cycloaddition of 255a with 241b mediated by catalyst 242 
(X = I) was performed in the absence of molecular sieves (MS) 4 A, a remarkable 
reversal of enantioselectivity was observed, as the opposite enantiomer of endo-2A3 
was obtained (304). This reversal had not been observed for enantioselective 
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catalytic reactions before, and the role of MS cannot simply be ascribed to the 
removal of water, since the application of 4 A MS that were presaturated with water 
also induced the reversal of enantioselectivity. Desimoni and co-workers (347-349) 
also found that in addition to the presence of MS in the MgX 2 -Ph-BOX catalyzed 
1,3-dipolar addition shown in Scheme 12.72, the counterion for the magnesium 
catalyst also strongly affects the absolute stereoselectivity of the reaction. They 
applied the Ph-BOX-MgX 2 242 (X = C 104 ) and (X = OTf) complexes and com- 
pared the results with the Ph-BOX-MgX 2 catalyst 242 (X = I). It was observed that 
both in the presence and absence of MS, the catalyst 242 (X=C 104 ) gave the 
opposite absolute configuration of the product as compared to the reaction of 
catalyst 242 (X = I). For catalyst 242 (X=OTf), the product was racemic in the 
presence of MS, whereas a high enantioselectivity of 86% ee was obtained in the 
absence of additives. The absolute configuration of the product of the reaction 
catalyzed by 242 (X = OTf) in the absence of MS was similar to that obtained with 
242 (X = C 104 ) catalyst and opposite to that obtained with 242 (X = I). 

Several chiral Ti(IV) complexes are efficient catalysts and have been applied to 
numerous reactions, especially in combination with the TADDOL 244 ligands 
(350). Chiral TiCl 2 -TADDOLates were the first asymmetric catalysts to be applied 
in the normal electron- demand 1,3-dipolar cycloaddition of nitrones 225 with 
alkenoyl-oxazolidinones 241 (Scheme 12.73) (351). These substrates have turned 
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out to be the model system of choice for most studies of metal-catalyzed normal 
electron-demand 1,3-dipolar cycloadditions of nitrones. The application of catalyst 
245a (10 mol%) in the reaction shown in Scheme 12.73 gave up to 94% yield of the 
cycloaddition products, and exo-243 was formed as the major diastereomer (endo/ 
exo 10:90). The ee of one of the isomers of exo-243 was up to 60% ee. 

The majority of TiCl 2 -TADDOLate-catalyzed 1,3-dipolar cycloadditions are 
normally performed with oxazolidinone derivatives as auxiliaries for the alkenoyl 
moiety in order to obtain the favorable bidentate coordination of the substrate to the 
catalyst. However, the use of succinimide instead of the oxazolidinone auxiliary 
leads to an improvement of the stereoselection of the reaction (Scheme 12.74) 
(352). The succinimide derivatives 246a,b are more reactive in the enantioselective 
1,3-dipolar cycloaddition with nitrone 225a catalyzed by TiCli-TADDOLate 
catalyst 245a (5 mol%). The reaction of 225a with 246a proceeds well and after 
conversion of the unstable succinimide adduct into the amide derivative, the 
corresponding product 247 was obtained in an endo/exo ratio of <5: >95. 
The enantioselectivity of the reaction of 72% ee is also an improvement compared 
to the analogous reaction of the oxazolidinone derivative, and similar improvements 
could also be obtained in reactions of other nitrones with the succinimide-based 
auxiliary. 

An important catalyst-substrate intermediate that applies to both the TiCl 2 - 
TADDOLate catalyzed 1,3-dipolar cycloadditions and Diels-Alder reactions has 
been isolated and characterized (353). The crystalline compound 248 has been 
characterized by X-ray analysis, showing that the oxazolidinone is coordinated to 
the titanium center in a bidentate fashion (Scheme 12.75). The four oxygen atoms. 
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two from the chiral ligand and two from 241c, are located in a plane at the titaninm 
center. The two chloride ligands are placed in the apical positions. This crystal 
structure provides valuable verification of the mechanism of the catalytic activation. 
To some extent, information can also be derived about the face shielding of 
the alkene by the ligand leading to the asymmetric addition of the nitrone. 
However, there are several other possible arrangements of the ligands around the 
titanium center, and whether structure 248 actually represents the reactive inter- 
mediate in the addition to the double bond has been the subject of some dispute 
(355-358). 

Based on the investigation of the structure of intermediate 248, the impact of the 
axial ligands on the endo/exo-selectivity in the 1,3-dipolar cycloaddition was 
studied by changing the axial chloride ligands in the TiCl 2 -TADDOLate catalyst 
245a to bulkier ligands (359). The results of reactions between 225a and 241a in 
the presence of various TiX 2 -TADDOLate catalysts are listed in Scheme 12.76. 
When 245b, the bromide analogue of 245a is used, the diastereoselectivity changes. 
This reaction proceeds with a low endo-selectivity, while the reaction performed in 
the presence of the bulky tosylate analogue 245d takes place with complete endo 
selectivity and >90% ee of the 1,3-dipolar cycloaddition product. The successful 
application of the Ti(Ts) 2 -TADDOLate catalyst 245d was further extended for a 
series of reactions. For all eight reactions of nitrones 225 and alkenes 241 in which 
245d was applied as the catalyst, high endo-selectivity of > 90% de was obtained. 
Most remarkably, > 90% ee was obtained for all reactions involving nitrones with 
an aromatic substituent, whereas reactions with A-benzyl- and A-alkyl nitrones 
led to lower enantioselectivities (359). 

The TiX 2 -TADDOLate catalyzed 1,3-dipolar cycloadditions were extended to 
include an acrylate derivative (360). In the absence of a catalyst, the reaction 
between nitrones 225 and acryloyloxazolidinone 241b proceeded to give a mixture 
all eight regio- and stereoisomers (Scheme 12.77). However, use of Ti(OTs) 2 - 
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TADDOLate 245d (10 mol%) as catalyst for the reaction of various nitrones 225 
with alkene 241b led to complete regioselectivity and high endo-selectivity in the 
reaction, and the endo-products 243 were obtained with 48-70% ee. 

Seebach et al. (350), who first developed the TADDOL ligands, have also 
developed a number of polymer- and dendrimer-bound TiCl 2 -TADDOLate catalysts 
derived from the monomeric TADDOLs (361). The use of catalysts derived 
from polymers and dendrimers of 249 and 250, respectively, in the reactions 
between the nitrone 225a and the alkene 241a led to endo/exo-ratios of between 
18:82 and 8:92, and enantioselectivities of up to 56% ee (Scheme 12.78). The 
enantioselectivities are thus slightly decreased compared to the similar reactions of 
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the homogeneous catalysts. They also performed an investigation of the relation- 
ship between the enantiomeric purity of the ligand of the homogeneous catalyst 251 
with the products obtained in both the 1,3-dipolar cycloaddition between 225a and 
241a and in the Diels-Alder reaction of 241a with cyclopentadiene. Surprisingly, 
the 1,3-dipolar cycloaddition shows a linear relationship, whereas the Diels-Alder 
reaction shows a positive nonlinear relationship. In recent work, Seebach and co- 
workers (362) studied the use and reuse of Ti(OTs) 2 -TADDOLate catalysts 
immobilized on porous silica gel. The selectivity obtained in the 1,3-dipolar 
cycloaddition between nitrone 225a and 241a catalyzed by 252 was only slightly 
lower compared to the corresponding homogeneous reaction (359). The same batch 
of the ligand in 252 could be used in four consecutive reactions with no significant 
loss of activity when the ligand was carefully washed between the reactions. 

Bosnich and co-workers (363) used the chiral titanocene-(OTf )2 complex 254 
for the 1,3-dipolar cycloaddition between the cyclic nitrone 239a and the ketene 
acetal 226c for an inverse electron-demand reaction (Scheme 12.79). The reaction 
proceeded only in the presence of the catalyst, and a good cis/trans ratio of 8:92 was 
obtained using catalyst 254, although only 14% ee was observed for the major 
isomer. 

The inverse-electron demand 1,3-dipolar cycloaddition has also been pursued 
with other Ti(IV) complexes (364). The cycloaddition reaction of C,A-diphenyl 
nitrone to fcrt-butyl vinyl ether catalyzed by different bidentate C 2 -symmetrical 
ligands gave moderate to good diastereoselectivity, and up to 41% ee was achieved. 

Kanemasa et al. (365) showed that dibenzofuranyl-2,2'-bis(oxazoline) (DBFOX) 
is an excellent ligand for a variety of LAs (Scheme 12.80). This new type of catalyst 
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has also been applied to 1,3-dipolar cycloadditions of nitrones, nitronates and diazo 
compounds. The reactions between different nitrones 225 and crotonoyl oxazoli- 
dinone 241a in the presence of 10 mol% of the dicationic nickel complex 255a was 
studied (366). Although long reaction times were required to obtain good yields, the 
reactions proceeded, in most cases, with very high endo-selectivities and, in several 
cases, >99% ee of the endo-products 243. So far this catalyst is undoubtedly the 
most selective catalyst for the normal electron- demand 1,3-dipolar cycloaddition 
between nitrones and alkenes, especially, with respect to the enantioselectivity of 
the reaction. 

The enantioselective inverse electron-demand 1,3-dipolar cycloadditions of 
nitrones with alkenes described so far are catalyzed by metal complexes that favor 
a monodentate coordination of the nitrone, such as boron and aluminium com- 
plexes. However, the glyoxy late-derived nitrone 256 favors a bidentate coordination 
to the catalyst, and this nitrone is an interesting substrate, since the products that are 
obtained from the reaction with alkenes are masked a-amino acids (Scheme 12.81). 

In order to control the stereochemistry of 1,3-dipolar cycloadditions involving 
this type of nitrone, the Cu(OTf) 2 -BOX complex 238 was found to be the most 
suitable catalyst (Scheme 12.81) (367). The 1,3-dipolar cycloaddition of 256 with 
the electron-rich ethyl vinyl ether 232a as the dipolarophile in the presence of 
25 mol% of 258 proceeded at room temperature to give a high conversion, an exo/ 
endo ratio of 84:16, and exo-lSl was obtained with up to 93% ee. 

A model for the intermediate consisting of substrates 256 and 232a coordinated 
to catalyst 258 is also outlined in Scheme 12.81. In the model 259, the two triflate 
ligands are dissociated from copper. The ligands are arranged around copper as a 
trigonal bipyramid, and it should be noted that in this model, the oxygen atom of 




878 



Asymmetric Reactions 




the vinyl ether 232a also coordinates to the metal center. However, another 
tetrahedral intermediate consisting of only the catalyst and the nitrone could also 
account for the absolute selectivity of the reaction. 

Furukawa and co-workers (368,369) succeeded in applying the softer dicationic 
Pd-BINAP 260 as a catalyst for the 1,3-dipolar cycloaddition between 225 and 241a 
(Scheme 12.82). In most cases, mixtures of endo-243 and exo-243 were obtained, 
however, enantioselectives of up to 93% ee were observed for reactions of some 
derivatives of 225. A transition state structure has been proposed to account for the 
high selectivities obtained for some of the substrates (368). In the structure shown 
in Scheme 12.82, the two phosphorous atoms of the Tol-BINAP ligand and the two 
carbonyl oxygens of the crotonoyl oxazolidinone are arranged in a square-planar 
fashion around the palladium center. This leaves the si-face of the alkene available 
for the cycloaddition reaction, while the re-face is shielded by one of the Tol- 
BINAP tolyl groups. 

Furukawa and co-workers (370) also used the above described palladium 
catalyst to the inverse electron- demand 1,3-dipolar cycloaddition of nitrones with 
vinyl ethers. However, all products obtained in this manner were racemic. 

Ukaji et al. (371) developed a catalytic enantioselective 1,3-dipolar cycloaddi- 
tion reaction of nitrones with allyl alcohol catalyzed by a zinc catalyst 
(Scheme 12.83). The zinc-catalyst complex, which was used in a stoichiometric 
amount, was generated from allyl alcohol, Et 2 Zn, (/?,/?)-diisopropyl tartrate (DIPT) 
and EtZnCl. Addition of the nitrone 261a led to primarily trans-262a, which was 
obtained in a moderate yield, although with an ee of up to 95%. Use of the nitrone 
261b led to higher yields of 262b (47-68%), high trans-selectivities, and up to 
93% ee. Compared to other asymmetric metal-catalyzed 1,3-dipolar cycloaddition 
reactions of nitrones, this reaction cannot be assigned as normal or inverse electron 
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demand. Rather, the reaction is controlled by the chelation of the substrates to the 
catalyst. 

The application of two different chiral ytterbium catalysts 263 and 264 for the 
1,3-dipolar cycloaddition was reported almost simultaneously by two independent 
research groups in 1997 (372,373). In both reports, it was observed that the achiral 
Yb(OTf )3 and Sc(OTf )3 salts catalyze the 1,3-dipolar cycloaddition between 
nitrones 225 and alkenoyl oxazolidinones 241 with endo- selectivity 
(Scheme 12.84). In the first study, 20 mol% of the Yb(OTf) 2 -pyridine-bis(oxazo- 
line) complex 263 was used as the catalyst for reactions of several derivatives of 
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225 and 241 . The reactions led to endo- selective 1,3-dipolar cycloadditions, giving 
products with up to 73% ee (372). In the other report, Kobayashi et al. (373) 
described a 1,3-dipolar cycloaddition catalyzed by 20 mol% of the Yb(OTf) 3 - 
BINOL complex 264 in the presence of the achiral tertiary amine 265 . In this 
approach, the nitrone 225 was formed in situ from the respective aldehyde and 
hydroxylamine. High endo-selectivities were observed, and for one derivative, the 
product endo-243 (R^=Bn, R^ = Me) was obtained in 78% ee. In an extension of 
these investigations, the 1,3-dipolar cycloaddition was performed in the presence of 
20 mol% of the catalyst 264 with 40 mol% of a the chiral amine 266 (374). By 
substituting the achiral amine 265 in 264 with the chiral amine 266 , the selectivity 
of the reaction was largely improved. For the reactions of derivatives of 225 and 
241 , endo-243 was obtained as a single diastereomer with enantioselectivities of up 
to 96% ee. Further investigation in this field by Kobayashi and co-workers (375) led 
to the finding that the absolute stereoselectivity of the reaction was reversed when 
the reaction was performed in the absence of 4- A MS. This observation makes is 
analogous to the MgX 2 -BOX catalyzed reactions described above (304). In the 
reaction catalyzed by 264 using 266 as the additive, endo-243 (R^=Bn, R^ = Me) 
was obtained in 96% ee in the presence of 4-A MS. In the absence of MS, the 
opposite enantiomer was obtained in 50% ee. This inverse selectivity could be 
improved by using various N-oxides as a third additive (375). 

A series of new BINOL-BOX ligands was developed by Kodema et al. (376) and 
used with Sc(OTf )3 as the catalyst 267 . In a typical procedure, the 1,3-dipolar 
cycloaddition between 225 (R' =Bn) and 241 (R^ = Me) was catalyzed by 20 mol% 
of 267 . The reaction proceeded in the presence of 267 (R=Ph) with high yields, 
endo-selectivity, and in up to 87% ee. In this study, it was also observed that the 
presence or absence of 4-A MS could reverse the absolute induction of the reaction. 

Kobayashi and Kawamura (374) used the catalytic enantioselective 1,3-dipolar 
cycloaddition for the synthesis of an optically active (3-lactam (Scheme 12.85). The 
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isoxazolidine endo-243h, obtained in 96% ee from the Yb(OTf) 3 -BINOL catalyzed 
1,3-dipolar cycloaddition, was quantitatively converted into the ester derivative 
268. Hydrogenation over Pd/C opened the isoxazolidine ring and cleaved the 
N-benzyl moiety to give 269a. Following silyl protection of the hydroxy group in 
269a, the final ring-closure was mediated by LDA to give the p-lactam 270 in high 
yield with conservation of optical purity (96% ee). 

MacMillan and co-workers recently reported the first organocatalyzed 
1,3-dipolar cycloaddition (377) as an extension of their work on Diels-Alder 
reactions (378). The reaction between the nitrones 225 and a,P-unsaturated 
aldehydes proceeded in the presence of 20 mol% of 272 to give endo-211 in 
good yields, high endo-selectivities, and up to 99% ee (Scheme 12.86). One of the 
advantages of this organocatalyzed reaction over the normal electron-demand 
metal-catalyzed reactions is that it can be performed with a,P-unsaturated alde- 
hydes. They are poor substrates in metal-catalyzed reactions due to preferential 
coordination of the LA to the nitrone in the presence of monodentate carbonyl 
compounds, as described in Section 12.4.1. Activation of the aldehyde substrate is 
achieved by formation of the iminium ion 273 with the chiral catalyst 272, leading 
to decreased LUMOaikene energy. It was proposed that the nitrone approaches the si- 
face of the (£T)-iminium ion 273 in an endo-fashion, leading to endo-271. 

12.4.3. Nitrile Oxides 

Ukaji and co-workers (379-381) described the first, and so far only, metal-catalyzed 
asymmetric 1,3-dipolar cycloaddition of nitrile oxides with alkenes. Upon treat- 
ment of allyl alcohol with diethylzinc and (R,R)-diisopropyl tartrate followed by the 
addition of diethylzinc and substituted hydroximoyl chlorides 274, the isoxazoli- 
dines 275 are formed with enantioselectivities of up to 96% ee (Scheme 12.87). 
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Scheme 12.87 



They have also developed a catalytic version of the reaction in which the chiral 
ligand DIPT was used in 20 mol% (379-381). In spite of the reduction of the 
amount of the chiral ligand, enantioselectivities of up to 93% ee were obtained in 
this work. The addition of a small amount of 1,4-dioxane proved to be crucial for 
the enantioselectivity of the reaction. A proposal for the reaction mechanism is 
outlined in Scheme 12.88. Allyl alcohol, hydroximoyl chloride 274 and diethylzinc 
react to form 276, which is mixed with the ligand and an additional amount of 



.OH + (274) + Et2Zn 



N-0 




(275) 

up to 93% ee 




Scheme 12.88 
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diethylzinc to form 277. The achiral complex 276 is apparently much less activated 
for a 1,3-dipolar cycloaddition compared to 277, which controls the enantioselec- 
tivity of the reaction. The increased reactivity of 277 compared to 276 may be due 
to a ligand-accelerating effect of DIPT when coordinated to the metal. After 
formation of the isoxazoline 278, the Zn-DIPT moiety of 278 participates in the 
catalytic cycle and 279 is formed. When the reaction is complete, 279 is hydrolyzed 
to give 275 in up to 93% ee (R = t-Bu). 

The first antibody-catalyzed asymmetric 1,3-dipolar cycloaddition was reported 
recently by Janda and co-workers (382). The reaction of the relatively stable nitrile 
oxide 280 and dimethyl acrylamide 281 was catalyzed by antibody 29G12 having 
turnover numbers >50, and the product 282 was obtained in up to >98% ee 
(Scheme 12.89). The antibody 29G12 was formed for hapten 283 and coupled to a 
carrier protein by standard protocols. The hapten 283 contains no chiral center and 
therefore the immune system elicited a stereochemical environment capable of 
stabilizing the enantiomeric transition state leading to 282. 

12.4.4. Azomethine Ylides 



The first report on metal-catalyzed asymmetric azomethine ylide cycloadditions 
appeared some years before this topic was described for other 1,3-dipolar cycload- 
ditions (383). However, since then the activity in this area has been very limited 



AcNH 







(280) 





(283) 

Scheme 12.89 
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in spite of the fact that azomethine ylides are often stabilized by metal salts, as 
shown in Scheme 12.90. 

Grigg and co-workers (383) found that chiral cobalt and manganese complexes 
are capable of inducing enantioselectivity in 1,3-dipolar cycloadditions of azo- 
methine ylides derived from arylidene imines of glycine (Scheme 12.91). This work 
was published in 1991 and is the first example of a metal-catalyzed asymmetric 
1,3-dipolar cycloaddition. The reaction of the azomethine ylide 284a with methyl 
acrylate 285 required a stoichiometric amount of cobalt and 2 equiv of the chiral 
ephedrine ligand. Up to 96% ee was obtained for the 1,3-dipolar cycloaddition 
product 286a. 

The yields of 286a were in the range of 45-84%, and the highest ee values were 
obtained when Ar=2-napthyl, 4-BrCgH4, or 4-MeOC6H4 and when methyl acrylate 
was used as the solvent. Both the reaction time and ee are dependent on 
the counterion, as the use of C 0 F 2 as the catalyst leads to a very slow 1,3-dipolar 
cycloaddition with low chiral induction compared to the use of C 0 CI 2 . A proposed 
working model for the asymmetric induction is shown in Scheme 12.92. The cis- 
arrangement of the methyl and phenyl group of the ligand in 287 results in a 
pseudo-equatorial conformation of the phenyl group and provides an effective 
shielding of one face of the dipole (383). 

In a more recent publication by the same group, they mention that Ag(I) salts in 
combination with chiral phosphine ligands can catalyze the 1,3-dipolar cycloaddi- 
tion involving the azomethine precursor 284b and methyl vinyl ketone 
(Scheme 12.93) (384). The reaction, which presumably also requires a stoichio- 
metric amount of the catalyst, proceeds to give 286b in a good yield with 70% ee. 




cat 
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MeOzC, N ^^,Ar 

rA / 

✓ 

'C02Me 



(284a) (285) (286a) 

up to 96% ee 

Ph.^ Me 
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HO N(CH2)4 



Scheme 12.91 
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Scheme 12.92 




Scheme 12.93 



12.4.5. Carbonyl Ylides 



Carbonyl ylides are available from diazo compounds and rhodium carbenes 
(385,386). In the first metal-catalyzed asymmetric version of this reaction from 
1997, Hodgson et al. (387) workers investigated the intramolecular 1,3-dipolar 
cycloaddition of the carhonyl ylide precursor 288 (Scheme 12.94). In the presence 
of 1 mol% of the catalyst 291 in a hydrocarbon solvent, the reaction proceeded to 
give 290 in 93% yield and with 52% ee. The exact nature of the interaction between 
the rhodium catalyst and the carhonyl ylide in the intermediate 289 is unknown. 
However, the catalyst-ligand induced control of enantioselectivity (387,388) and of 
the regioselectivity in earlier work (389,390) strongly indicates that the catalyst is 
in some manner associated with the 1,3-dipole in the cycloaddition step. In more 
recent work, the same authors tested a number of dirhodium tetrakis(l,l'- 
binaphthyl-2,2'-diylphosphonate) catalysts for the reaction (388). The best results 
were obtained with the catalyst 292 that had been developed for this reaction. The 
advantage of this ligand is that it has a high soluhility in hexane, which is the 
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(288) (289) (290) 



Cat. (291): ee = 52% 
Cat. (292): ee = 90% 




(292) 

Scheme 12.94 

solvent of choice for this reaction. By the application of 1 mol% of catalyst 292 up 
to 90% ee of the tricyclic product 290 was obtained. 

The intermolecular version of the above reaction has also been reported (391). In 
the first example, a rhodium-catalyzed carbonyl ylide cycloaddition with maleimide 
was studied. However, only enantioselectivities of up to 20% ee were obtained 




(295) 



Scheme 12.95 
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(391,392). Hashimoto and co-workers were able to induce high enantioselectivities 
in the intermolecular carbonyl ylide reaction of the precursor 293 with dimethyl 
acetylenedicarboxylate (393,394). After optimizing the reaction conditions and 
testing a series of catalyst, they were able to obtain a series of products 294 in the 
reaction catalyzed by 1 mol% of 295 in moderate to good yields with enantio- 
selectivities ranging from 80 to 92% ee (Scheme 12.95). It was important for both 
yield and enantioselectivity that the reaction was carried out in trifluoromethyl- 
benzene as the solvent. They also showed that the reaction could be performed with 
substrates giving the corresponding bicyclo[2,2,l] and bicyclo[4,2,l] products with 
68 and 80% ee, respectively. In a more recent report, they were able to obtain up to 
93% ee using a similar catalyst (393). 

12.4.6. Diazo Compounds 



The 1,3-dipolar cycloaddition reaction of diazoalkanes with alkenes has also 
been reported (395). Kanemasa and Kanai (395) used the chiral DBFOX-Ph ligand 
with various metals such as Ni, Zn, and Mg for the preparation of 255a-c. The 
reaction of TMS-diazomethane 171 with alkene 241 was catalyzed by 10 mol% of 
255b to afford the 1,3-dipolar cycloaddition product 296 in good yields and 
enantioselectivities of up to 99% ee (Scheme 12.96). Also, the Ni-catalyst 255a 
and the Mg-catalyst 255c were excellent catalysts for the reaction, resulting in 
> 90% ee in both cases. 



TMSCH=N=NH 



O o 
1 



255 , 10 mol% 



AC2O, CH2CI2 



(171) 



(241) 

R = alkyl 



Ac 





Ph Ph 



(C104)2 



(255a): R=Ni 
(255b): R=Zn 
(255c): R= Mg 



Scheme 12.96 
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12.5. CONCLUSION 



Since the first edition of this book appeared in 1984, asymmetric reactions are 
probably the single field within the area of 1,3-dipolar cycloaddition area that has 
experienced the strongest growth. Concurrent with the increasing interest in 
asymmetric synthesis in general over the past 15 years, it has been verified that 
1,3-dipolar cycloadditions are highly attractive reactions for introduction of new 
chiral centers with control of relative and absolute stereoselectivity. In Section 12.2, 
we selected a series of asymmetric diastereoselective 1,3-dipolar cycloadditions, 
demonstrating the wide range of this field and several applications in asymmetric 
synthesis. In Section 12.3, the application of chiral auxiliaries has been outlined. 
This approach is particularly well developed for dipolarophiles such as a,P- 
unsaturated esters and amides and in several cases excellent selectivities were 
obtained. The asymmetric metal-catalyzed 1,3-dipolar cycloadditions is a young 
and rapidly expanding area. As shown in Section 12.4, the majority of contributions 
deal with reactions of nitrones, where several different enantioselective approaches 
have been developed. For other types of 1,3-dipoles such as nitrile oxides, 
azomethine ylides, carbonyl ylides, and diazo compounds, a few examples have 
been reported and there is much room for new developments. Among the most 
recent trends is the successful application of organocatalysis and antibody catalysis 
for asymmetric 1,3-dipolar cycloadditions. In conclusion, asymmetric 1,3-dipolar 
cycloadditions are highly attractive reactions for the synthesis of enantiomerically 
enriched heterocycles and other heteroatom-containing molecules, and this area is 
rapidly evolving and provides many challenges for future work. 
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mediated reactions, 243-248 
Aromaticity, nitrile oxide cycloadditions, dipolar/ 
dipolarophile mehcanism and relativity, 
376 
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Arsaalkenes, diazoalkane cycloadditions, carbon- 
heteroatom C=As double bonds, 568-570 
Arteminolide, carbonyl ylides, oxidopyrylium ion 
cycloadditions, 304-305 
Aryl compounds 

aryl chlorocarbene, carbonyl ylide structures, 
257-259 

aryl nitronates, substituent effects, alkyl 
cycloaddition reactions, 139 
aryl vinyl ether, carbonyl ylide 

nonmetallocarbenoid/metallocarbenoid 
syntheses, 306-309 
azide 1,3-dipolar cycloadditions 
alkyne/nitrile reactions, 641-644 
double-bonded diene conjugation, 637-639 
heterocyclic synthesis, 626-637 
nitrile ylide synthons, 481-485 
thiocarbonyl ylide heterocyclic synthesis, 1,5- 
dipolar electrocyclization, five-membered 
heterocycles, 350 

Arylidenetetralones, carbonyl ylide directed 

syntheses, [1,3] -dipolar cycloadditions, 
282-284 

Asymmetric reactions 

azomethine ylides, 193-218 
chiral dipolarophiles, 193-200 
chiral ylides 

asymmetric template and auxiliary 
derivations, 208-218 

inherent molecular stereocontrol, 200-208 

1,3-dipolar cycloadditions, 772-774 
catalytic 1,3-dipolar cycloadditions, 864-888 
azomethine ylides, 884-886 
carbonyl ylides, 886-888 
diazo compounds, 888 
mechanisms, 864—866 
nitrile oxides, 882-884 
nitrones, 866-882 
diastereoselective reactions 
chiral auxiliaries 

1,3-dipoles, 860-863 
dipolarophiles, 857-860 
a,p-unsaturated amides, 853-857 
a,p-unsaturated esters, 851-853 
chiral dipolarophiles, 835-845 

acyclic allyl alcohol derivatives, 835-836 
alkenes, 842-844 
allyl amine derivatives, 838-839 
cyclic allyl alcohol derivatives, 836-838 
heteroatomic dienophiles, 844—845 
vinyl acetals and aminals, 839-840 
vinyl phosphine oxides and sulfoxides, 
840-842 



chiral dipoles, 822-835 
azomethine ylides, 829-833 
enantiopure applications, 834-835 
nitrile oxides, 829 
nitrones/nitronates, 822-829 
intramolecular reactions, 845-85 1 
azide dipoles, 850-851 
nitrile oxides, 848-850 
nitrones/nitronates, 845-848 

1,3-dipolar cycloaddition selectivity, 818-822 
mechanisms, 818 

nitrile oxide cycloadditions, diastereoselectivity, 
386 

nitrile ylide 1,3-dipolar cycloadditions, 

807-809 

nitrone 1,3-dipolar cycloadditions, magnesium 
ion-mediated reactions, 800-801 
2-Azaallyl anions, azomethine ylide 1,3-dipolar 
cycloadditions, external reagents, 759 
Azacyclobutadiene, diazoalkane cycloadditions, 
C=N bonds, 558-559 

Azides 

1,3-dipolar cycloadditions 
asymmetric reactions, 819-822 

intramolecular cycloadditions, 850-851 
heterocyclic synthesis 

alkene reactions, 624-637 
alkynes and nitriles, 639-644 
allylic carbocations, 644—645 
dienes double-bond and conjugated 
systems, 637-639 
fullerene reactions, 646-649 
phosphorus ylides, 645-646 
natural product synthesis 
alkene reactions, 649-664 
alkynes and nitriles, 672-676 
diene double bonds, 664—671 
structural properties, 623-624 
Azidomethanes, azide 1,3-dipolar cycloadditions, 
heterocyclic synthesis, 630-636 
Aziridines 

azide 1 ,3-dipolar cycloadditions, natural product 
synthesis, 649-664 
azomethine ylides 

generation, asymmetric 1,3-dipolar 
cycloadditions, 831-833 
intramolecular cycloadditions, precursors, 
219-227 

chiral ylides, stereocontrol, 207-208 
diazoalkane intramolecular cycloaddition, 
multiple bonds, 604 

1,3-dipolar cycloadditions, chiral auxiliaries, 
860-863 
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Azirines, nitrile ylide structure, 475 
carbene reactions, 486^88 
[2 + 3]-cycloaddition reactions, 496-502 
photolysis, 488^90 
Azomethine ylides 

asymmetric reactions, 193-218 
chiral dipolarophiles, 193-200 
chiral ylides 

asymmetric template and auxiliary 
derivations, 208-218 

inherent molecular stereocontrol, 200-208 
diastereoselectivity, 829-833 
1,3-dipolar cycloaddition reactions, 

772-774 

catalytic reactions, 884-886 
1,3-dipolar cycloadditions, 821-822 
enantiopure camphor imines, asymmetric 
Michael additions, 774-778 
intramolecular cycloadditions, 850-851 
development, 169-170 
diastereoselective reactions, a,p-amides, 
855-857 

external reagents, 1,3-dipolar cycloaddition 
reactions, 757-778 

anti-selective Michael additions, 768-771 
asymmetric cycloadditions, 772-774 
2-aazaallyl anions, 759 
enantiopure camphor imines, asymmetric 
Michael additions, 774-778 
enantioselective additions, 778 
metal n-alkylideneglycinates, 758-759 
N-metalated reactions, 759-778 

a-(alkylideneamino)ester reversibility, 
763-768 

(N-alkylideneamine)acetonitrile 
irreversibility, 761-763 
generation, 170-192 

alternative procedures, 181-192 
silicon-based protocols, 170-181 
intramolecular cycloadditions, 219-239 
alternative generation procedures, 237-239 
aziridine precursors, 219-227 
decarboxylative and amino ester 
condensation protocols, 228-237 
metal-mediated reaction, 240-248 
nitrile ylide synthon formation, 480^85 
Azulenes, mesoionic ring systems, isomiinchnone 
cycloadditions, 726-735 

B3LYP/6-31G* calculations 

alkyl nitronates, facial selectivity, 147-148 
nitrile ylide structure, 12 + 3]-cycloaddition 
reactions, 498-502 



nitronate structures, general reactivity, 106-114 

Benzazocine derivatives, diazoalkane 

intramolecular cycloadditions, 596-601 

Benzonitrile oxide, nitrile oxide cycloadditions, 

magnesium ion-mediated reactions, kinetic 
data, 78^786 

Benzonitrilio methylide, nitrile ylide structure, 475 
cycloaddition reactions, 500-502 

Benzopyranyl nitrones, intramolecular nitrone- 
alkene cycloadditions (INAC), 56-59 

Benzoquinones, mesoionic ring systems, 

miinchnone cycloaddition reactions, 
710-725 

Benzothiazole derivatives, thiocarbonyl ylide 
structures, 316-317 

Benzotriazole, azomethine ylide generation, 
silicon protocols, 177-181 

Benzotropolone formation and reactivity, carbonyl 
ylides, 296-298 

f^j-A^-Benzylvalinol, azomethine ylide 1,3- 
dipolar cycloadditions, asymmetric 
reactions, 772-774 

Bicyclic aminoketones, nitrone 1,3-dipolar 
cycloadditions, 17-18 

Bicyclic imino acids and polyols, nitrile oxide 
intermolecular cycloadditions, 431^37 

Biotin 

azide 1,3-dipolar cycloadditions, natural 
synthesis, 660-664 

nitrile oxide intramolecular cycloadditions 
aminoalcohol-isoxazoline reduction, 

454^58 

polycyclic furoxans, 438—439 
thiocarbonyl ylide structures, thiophene 

derivatives, five-membered ring structure, 
332-339 

l,2-Bis(trifluoromethyl)-fumaronitrile, 

thiocarbonyl ylide heterocyclic synthesis, 
seven-membered ring structure, 353-354 

Bis(acetoxy)iodobenzene (BAIB), nitrone 1,3- 
dipolar cycloadditions, nucleoside 
antibiotics, 5-8 

Bischler-Napieralski reaction, nitrile ylides, 
electrocyclizations, diene-conjugated 
compounds, 521-524 

Bis-chloromethyl ether, carbonyl ylide generation, 
262 

Bis(trimethylsilyl)acetylene, thiocarbonyl ylides, 
thiophene derivatives, five-membered ring 
structure, 338-339 

Bisl(trimethylsilyl)methyl]sulfoxides, 

thiocarbonyl ylide generation, 1,3- 
elimination reactions, 321 
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Boiling points 

alkyl nitronates, 95-96 
silyl nitronates, 86-87 
Bonding 

alkyl nitronates, 96-97 
carbonyl ylide structures, 255-259 
silyl nitronates, 87-88 

Boron complexes, 1,3-dipolar cycloadditions, 
catalytic asymmetric nitrone reactions, 
867-882 

Boryl cation, silyl nitronates, 92-93 
Bridged structures, alkyl nitronates, intramolecular 
cycloadditions, 149-153 
Bromo compounds, azide 1,3-dipolar 

cycloadditions, heterocyclic synthesis, 
62^637 

Butoxycarbonyl (Boc), nitrile oxide generation, 
nitroalkene dehydration, 368-3870 
2-(tcrt-Butyl)-3-imidazolidin-4-one, chiral ylides, 
stereocontrol, 207-208 
Butyrolactones, nitrile oxide intermolecular 

cycloadditions, cycloaddition-reduction- 
hydrolysis sequence, 418^19 

Caged compounds, mesoionic ring systems, 
miinchnone cycloaddition reactions, 
720-725 
Camphor imines 

diastereoselective reactions, a,p-unsaturated 
esters, 852-853 

enantiopure compounds, asymmetric Michael 
additions, 774-778 

Carbamoyl group, nitrile oxide generation, 
nitroalkene dehydration, 369-370 
Carbenes 

asymmetric reactions, chiral auxiliaries, 
858-859 

diazoalkane cycloaddition reactions, 
ketocarbene dipoles, 604-609 
mesoionic ring systems, miinchnone synthesis, 
685-687 

nitrile ylide structure, 474 
generation reactions, 485—488 
nonstabilized compounds, carbonyl ylide 
generation, 259-262 

thiocarbonyl ylides, addition to C=S groups, 
322-324 

Carbenoids, thiocarbonyl ylides, addition to C=S 
groups, 322-324 

Carbenoid strategy technique, thiocarbonyl ylide 
generation, thiophene derivatives, five- 
membered ring structure, 334-339 
Carbocyclic structures 



nitrile oxide intramolecular cycloadditions, 
stereoselectivity, 414-416 
nitrone 1,3-dipolar cycloadditions, 6-8 
Carbohydrate derivatives, nitrile oxide 
cycloadditions, intramolecular 
cycloadditions, 412-416 

Carbon-13 nuclear magnetic resonance (^^C NMR) 
alkyl nitronates 

nitroso acetals, 103-105 
spectroscopic data, 100-102 
silyl nitronates 
nitroso acetals, 94-95 
spectroscopic data, 88-93 
Carbon-heteroatom double bonds, diazoalkane 
cycloaddition reactions, 557-576 
C=As bonds, 567-570 
C=N bonds, 557-559 
C=P bonds, 559-567 
C=S bonds, 570-575 
C=Se and C=Te bonds, 575-576 
Carbonyl compounds 

a-(alkylideneamino)esters, reversible 
metalation, 765-768 
carbonyl ylides 

1,3-dipolar cycloadditions, 804-806 
catalytic asymmetric reactions, 886-888 
diastereoselective reactions, a,p-amides, 
853-857 

diazoalkane cycloaddition reactions 
carbon-heteroatom C=S double bonds, 
572-574 

intramolecular cycloadditions, 593-601 
ketocarbene dipoles, 608-609 
enantiopure camphor imines, asymmetric 
Michael additions, 774-778 
mesoionic ring systems, isomiinchnone 
synthesis, 688-695 
nitrile oxide cycloadditions 

intermolecular cycloadditions, “aldol” ring 
cleavage, 417-425 
olefin regioselectivity, 382-385 
nitrone 1,3-dipolar cycloadditions, magnesium 
ion-mediated reactions, 799-801 
Carbonyl ylides 

aldehyde derivation, 273-274 
amide/urea derivatives, 276-278 
cycloaddition reactions 
alkaloid systems, 284-292 
directed syntheses, 278-284 
enantioselective syntheses, 298-302 
illudins, pterosins, and ptaquilosides, 
292-294 

oxidopyrylium ion cycloadditions, 302-305 
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Carbonyl ylides {Continued) 

tropolone and benzotropolone formation 
and reactivity, 296-298 
zaragozic acids, 294-296 
epoxide generation, 263-269 
ester derivation, 274—276 
ketone derivation, 269-273 
metallocarbenoids 
generation, 269 
synthesis, 306-309 

nonmetallocarbenoid precursors, synthesis 
using, 306-309 

nonstable carbene generation, 259-262 
oxadiazoline generation, 262-263 
reactivity properties, 254-255 
structural studies, 255-259 
Carzinophilin, azide 1,3-dipolar cycloadditions, 
natural synthesis, 663-664 
C=As bonds, diazoalkane cycloadditions, carbon- 
heteroatom double bonds, 567—570 
Catalytic cycloadditions 

asymmetric reactions, 1,3-dipolar 
cycloadditions, 864-888 
azomethine ylides, 884-886 
carbonyl ylides, 886-888 
diazo compounds, 888 
mechanisms, 864—866 
nitrile oxides, 882-884 
nitrones, 866-882 
nitrile oxides 

enantioselective reactions, 792-793 
magnesium ion-mediated reactions, 787-788 
nitrones, 34 

enantioselective reactions, 804 
Catalytic hydrogenolysis, alkyl nitronates, 154 
C=C bonds, diazoalkane cycloaddition reactions, 
541-557 

alkenes, 549-552 

diastereofacial selectivity, 552-557 
dipolar properties, 543-549 
intramolecular cycloadditions, 592-601 
reactivity and regioselectivity, 541-543 
C=C bonds, intramolecular diazoalkane 
cycloaddition reactions, 601-604 
Cephalotaxine analogues, azide 1,3-dipolar 

cycloadditions, natural synthesis, 649-664 
Chain lengths, nitrile oxide intramolecular 

cycloadditions, regioselectivity, 407-410 
Chelates 

azomethine ylide 1,3-dipolar cycloadditions, 
external reagents 

a-(alkylideneamino)esters, reversible 
metalation, 763-768 



A-alkylideneglycinates, 758-759 
nitrile oxide cycloadditions, magnesium ion- 
mediated reactions, 784 
Chemoselectivity, nitrile oxide cycloadditions, 
magnesium ion-mediated reactions, 786 
Chiral auxiliaries, diastereoselectivity, asymmetric 
reactions 

1,3-dipoles, 860-863 
dipolarophiles, 857-860 
a,p-unsaturated amides, 853-857 
a,p-unsaturated esters, 851-853 
Chiral dipolarophiles 
alkyl nitronates 

facial selectivity, 146-148 
intramolecular cycloadditions, 152-153 
azomethine ylides 

asymmetric reaction, 193-200 
1,3-dipolar cycloadditions, asymmetric 
reactions, 772-774 

enantiopure camphor imines, asymmetric 
Michael additions, 776-778 
metal-mediated reactions, 243-248 
diastereoselectivity, asymmetric reactions, 
835-845 

acyclic allyl alcohol derivatives, 835-836 
alkenes, 842-844 
allyl amine derivatives, 838-839 
cyclic allyl alcohol derivatives, 836-838 
heteroatomic dienophiles, 844—845 
vinyl acetals and aminals, 839-840 
vinyl phosphine oxides and sulfoxides, 
840-842 

diazoalkane cycloaddition reactions, 
diastereofacial selectivity, 552-557 
mesoionic ring systems, isomiinchnone 
cycloadditions, 729-735 
nitrile oxide cycloadditions 

achiral olefins, chiral auxiliaries, 393-399 
cycloalkene facial selectivity, 399^00 
diastereoselectivity, 386-393 
intermolecular cycloadditions, “aldol” ring 
cleavage 

chiral nitrile oxides-achiral olefins, 
424^25 

chiral nitrile oxides-chiral olefins, 425 
intramolecular cycloadditions, 
stereoselectivity, 413^16 
Lewis acid-mediated diastereoselective 
reactions, 789-790 
olefins, chiral nitrile oxides, 400^06 
relative reactivity, 377-380 
nitrone 1,3-dipolar cycloadditions, magnesium 
ion-mediated reactions, 800-801 
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nitrone transesterification-dipolar 
cycloadditions, 803-804 
silyl nitronates, facial selectivity, 121-123 
Chiral dipoles, diastereoselectivity, asymmetric 
reactions, 822-835 
azomethine ylides, 829-833 
enantiopure applications, 834-835 
nitrile oxides, 829 
nitrones/nitronates, 822-829 
Chiral enones, azomethine ylide generation, 
asymmetric reaction, 196-200 
Chiral ylides, asymmetric reactions 

asymmetric template and auxiliary derivations, 
208-218 

inherent molecular stereocontrol, 200-208 
Chloramine-T, nitrile oxide generation, oxime 
one-pot operations, 368 
Chloride ligands, catalytic asymmetric nitrone 
reactions, 874-882 

Chlorosilanes, silyl nitronate preparation, 

116-117 

Chromium complexes 

asymmetric diastereoselectivity, nitrone/ 
nitronate chiral dipoles, 825-829 
diazoalkane cycloaddition reactions, 554-557 
mesoionic ring systems, miinchnone synthesis, 
687 

nitrile ylide synthons, 484-485 
Cis-fused heterobicyclic adducts, intramolecular 
nitrone-alkene cycloadditions (INAC), 
51-59 

Clavicipitic acid, azide 1,3-dipolar cycloadditions, 
natural product synthesis, 651-664 
C=N bonds 

diazoalkane cycloadditions, carbon-heteroatom 
double bonds, 557-559 

thiocarbonyl ylides, heterocyclic synthesis, 343 
^^C NMR. See Carbon-13 nuclear magnetic 
resonance (‘^C NMR) 

Coalescence temperature, silyl nitronates, 

91-93 

Cobalt complexes, azomethine ylide catalytic 
asymmetric reactions, 884-886 
Compactin, nitrile oxide intramolecular 

cycloadditions, “aldol” ring cleavage, 
isoxazoline intermediates, 450-452 
(-)-Coniine, nitrone 1,3-dipolar cycloadditions, 
35-37 

Conjugated thiocrabonyl ylide, 1,5-dipolar 
electrocyclization, five-membered 
heterocycles, 346-350 

Cope elimination, nitrone 1,3-APT cycloaddition, 
49-54 



Copper-carbenoid species 

carbonyl ylide 1,3-dipolar cycloadditions, 
805-806 

mesoionic ring systems, isomtinchnone 
synthesis, 690-695 

Coulomb repulsion, nitrile oxide cycloadditions, 
achiral olefins, 395-399 

C=P bonds, diazoalkane cycloadditions, carbon- 
heteroatom double bonds, 559-567 
Crambescidin cytotoxins, nitrone 1,3-dipolar 
cycloadditions, 44^7 

Crinane, azide 1,3-dipolar cycloadditions, natural 
synthesis, 660-664 
Crotonate compounds 

asymmetric diastereoselectivity, nitrone/ 
nitronate chiral dipoles, 824-829 
azide 1,3-dipolar cycloadditions, natural 
synthesis, 657-664 

diastereoselective reactions, ap-unsaturated 
esters, 852-853 
C=S bonds 

diazoalkane cycloadditions, carbon-heteroatom 
double bonds, 570-575 
thiocarbonyl ylides 

carbene/carbenoid addition, 322-324 
heterocyclic synthesis, 341—343 
C=Se bonds, diazoalkane cycloaddition reactions, 
575-576 

C=Te bonds, diazoalkane cycloaddition reactions, 
575-576 

5-(-)-Cucurbitine, azomethine ylide generation, 
asymmetric reaction, 198-200 
Cyano-substituted nitrile ylides 

azide 1,3-dipolar cycloadditions, alkyne/nitrile 
reactions, 640-644 
generation mechanism, 491^92 
Cyathin compounds, carbonyl ylides, 

oxidopyrylium ion cycloadditions, 
304-305 

Cyclic derivatives, diastereoselective asymmetric 
reactions, allylic alcohols, 836-838 
Cyclic nitronates 

alkyl nitronates, 134-137 
alkylation, 134—136 
intermolecular cycloadditions 
substituent effects, 139-145 
unfunctionalized structure, 138-139 
nitroalkene [4 + 2] cycloaddition, 136-137 
radical cyclization, 137 
spectroscopic data, 99-102 
asymmetric diastereoselectivity, nitrone/ 
nitronate chiral dipoles, 825-829 
infrared absorbances, 98-102 
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Cycloaddition-modification-ring cleavage, 
nitrile oxides, 363 
Cycloaddition reactions 
alkyl nitronates, 138-153 
applications, 154-158 
facial selectivity, 146-148 
intermolecular, 138-145 
intramolecular, 148-153 
azomethine ylides 
generation protocols 

alternative protocols, 181-192 
chiral dipolarophiles, 193-200 
silicon protocols, 170-181 
intramolecular cycloadditions, 219-239 
alternative generation procedures, 237-239 
aziridine precursors, 219-227 
decarboxylative and amino ester 
condensation protocols, 228-237 
carbonyl ylides 

alkaloid systems, 284-292 
directed syntheses, 278-284 
enantioselective syntheses, 298-302 
epoxide generation, 265-269 
illudins, pterosins, and ptaquilosides, 
292-294 

oxidopyrylium ion cycloadditions, 302-305 
tropolone and benzotropolone formation and 
reactivity, 296-298 
zaragozic acids, 294-296 
cyclic nitronate preparation, 14 + 2] 
cycloaddition, 136-137 
diazoalkanes 

carbon-heteroatom double bonds, 557-576 
C=As bonds, 567-570 
C=N bonds, 557-559 
C=F bonds, 559-567 
C=S bonds, 570-575 
C=Se and C=Te bonds, 575-576 
C=C bonds, 541-557 
alkenes, 549-552 

diastereofacial selectivity, 552-557 
dipolar properties, 543-549 
reactivity and regioselectivity, 541-543 
heteroatom-heteroatom double bonds, P=X 
bonds, 576-578 
heterocumulenes, 578-581 
intramolecular cycloadditions 
C=C bonds, 592-601 
C=C bonds, 601-604 
multiple bond reactions, 604 
structural chemistry, 540-541 
triple-bond systems, 581-592 
alkynes, 581-586 



heteroatom-heteroatom triple bonds, 
586-587 
nitriles, 586 

phosphaalkynes, 587-592 
mesoionic ring systems 

1.3- dithiolium-4-olates, 742-744 
isomiinchnones, 725-735 
miscellaneous mesoionic heterocycles, 

745-746 

miinchnones, 700-725 

1.3- oxathiazolium-5-olates, 745 

1.3- oxathiolium-4-olates, 744 
oxamiinchnones, 742 
sydnones, 735-738 

1.3- thiazolium-4-thiolates, 742 
thioisomiinchnones, 739-742 
thiomiinchnones, 738 

nitrile imines 

[2 + 3]-cycloaddition reactions, 502-517 
four-membered rings, 507-508 
five-membered rings, 508-509 
six-membered rings, 509-510 
seven-membered rings, 510 
exocyclic double bonds, 510-511 
heterocyclic rings, 507 
intramolecular cycloadditions, 511-516 
three-atom tether, 512-513 
our- atom tether, 513-514 
five-atom tether, 514-515 
six-or-greater atom tether, 515-516 
selectivity, 505-507 
stabilized nitrile imines, 502-504 
tandem intermolecular-intramolecular 
cycloadditions, 516-517 
transient formation, 494 
nitrile oxides, 374^06 

diastereoselectivity, 385—406 

achiral olefins, with chiral auxiliaries, 
393-399 

chiral dipolarophiles, 386-393 
facial selectivity, chiral alkenes, 399—400 
olefin additions, chiral nitrile oxides, 
400^06 

dipole/dipolarophiles 

mechanistic studies and calculations, 
374-376 

relative reactivity, 376-380 
furoxan thermolysis, 371-374 
intermolecular cycloadditions, 416^37 
aminoalcohol ring cleavage, 425—431 
isoxazoline compounds 

“aldol” ring cleavage, intermediates, 
417^25 
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achiral nitrile oxides/chiral olefins, 
419^24 

achiral nitrile oxides/olefins, 418^19 
chiral nitrile oxides/achiral olefins, 
424^25 

mono- and bicyclic imino acids and 
polyols, 431^37 
natural products, 416^17 
intramolecular cycloadditions 
regioselectivity, 407—410 
stereoselectivity, 410-416 
synthesis applications, 437—461 
isoxazoline ring cleavage, 439^61 
“aldol” reduction-hydrolysis, 
440^54 

7 -aminoalcohol, 454^58 
isoxazolinium salts, transformation 
with, 458^61 

polycyclic isoxazolines and furoxans, 
437^39 

olefin regioselectivity, 380-385 
oxime one-pot operations, 367-368 
nitrile ylides, synthon formation, 483—485 
nitrile ylides, [2 + 3]-cycloaddition reactions, 
496-502 

nitronate structures 

general reactivity, 105-114 
mechanisms, 114 
regioselectivity, 109-110 
research background, 85-86 
silyl nitronates, 117—125 
facial selectivity, 120-123 
intermolecular cycloadditions, 117-120 
intramolecular cycloadditions, 123-125 
stereoselectivity 

intermolecular cycloadditions, 1 1 1-112 
intramolecular cycloadditions, 112-114 
nitrones 

1,2-dipolar cycloaddition, 1-3 
catalytic cycloadditions, 34 
isoxazolidines, 47-68 
1,3-APT process, 48-54 
intermolecular reactions, 59-68 
intramolecular cycloadditions 
nitrone-alkene (INAC), 55-59 
oxime-olefin, 54—55 
lactams, 8-1 1 

natural product formation, 3 
nucleosides, 4-8 
peptides and amino acids, 18-23 
pyrrolidines, piperidines, and amines, 34—47 
quinolizidines, indolizidines, and 
pyrrolizidines, 12-18 



sugars, 24-29 

sulfur- and phosphorus-containing 
compounds, 29-33 

Cycloaddition-reduction-hydrolysis sequence 
nitrile oxide intermolecular cycloadditions, 
“aldol” ring cleavage, isoxazoline 
intermediates, achiral nitrile oxides-achiral 
olefins, 418^19 

nitrile oxide intramolecular cycloadditions, 
“aldol” ring cleavage, isoxazoline 
intermediates, 440-445 
Cyclobutyl isoxazolidine adducts, nitrone 1,3- 
dipolar cycloadditions, 17-18 
Cyclodextrins, nitrile oxide cycloadditions, olefin 
regioselectivity, 381-385 
Cyclopentane products, nitrile oxide 

intramolecular cycloadditions, “aldol” 
ring cleavage, isoxazoline intermediates, 
441^45 

Cyclopentenoid compounds, azide 1,3-dipolar 
cycloadditions, heterocyclic synthesis, 
625-637 

Cyclopentyl isoxazolidine, intramolecular 

nitrone-alkene cycloadditions (INAC), 
57-59 

Cyclopropyl dipolarophiles, nitrone 1,3-dipolar 
cycloadditions, 15-18 
Cycloreversion reactions 

nitrile oxide generation, furoxan thermolysis, 
371-374 

thiocarbonyl ylide generation, 319-320 
Cycloreversions, azomethine ylide generation, 
189-192 

Darlinine compounds, nitrone 1,3-dipolar 
cycloadditions, 35 

Decahydrobenzocarbazoles, carbonyl ylide 
cycloadditions, 284—292 
Decarboxylative techniques, azomethine ylide 
generation, 187-192 
condensation protocols, 228-237 
Dehydration mechanisms, nitroalkenes, nitrile 
oxide generation, 368-370 
Dehydrochlorination, imidoyl chlorides, nitrile 
ylide generation, 490-491 
Dehydrogenation techniques, azomethine ylide 
generation, 191-192 

Dehydrohalogenation, hydroximoyl chloride, 
nitrile oxide generation, 364—368 
one-pot oxime formation and cycloaddition, 
367-368 

oxime halogenation, 365-367 
in situ generation, 367 
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Dendrobates alkaloids, nitrone 1,3-dipolar 
cycloadditions, 37-47 
Desilylation 

azomethine ylide generation, 318 
nitrile ylide synthon formation, 480^85 
thiocarbonyl ylides, heterocyclic synthesis, 
342-343 

Diammoniumhexanitratocerate, aldoxime 
oxidation, nitrile oxide generation, 
370-371 

Diastereomeric ratio 

azomethine ylide generation, asymmetric 
reaction, 198-200 

chiral ylides, asymmetric reactions, 218 
Diastereoselectivity 
asymmetric reactions 
chiral auxiliaries 

1,3-dipoles, 860-863 
dipolarophiles, 857-860 
a,p-unsaturated amides, 853-857 
a,p-unsaturated esters, 851-853 
chiral dipolarophiles, 835-845 

acyclic allyl alcohol derivatives, 835-836 
alkenes, 842-844 
allyl amine derivatives, 838-839 
cyclic allyl alcohol derivatives, 836-838 
heteroatomic dienophiles, 844—845 
vinyl acetals and aminals, 839-840 
vinyl phosphine oxides and sulfoxides, 
840-842 

chiral dipoles, 822-835 
azomethine ylides, 829-833 
enantiopure applications, 834-835 
nitrile oxides, 829 
nitrones/nitronates, 822-829 

1,3-dipolar cycloadditions, 819-822 
azomethine ylides, 773-774, 829-833 
enantiopure camphor imines, 

asymmetric Michael additions, 778 
intramolecular reactions, 845-851 
azide dipoles, 850-851 
nitrile oxides, 848-850 
nitrones/nitronates, 845-848 
diazoalkane cycloaddition reactions, 552-557 

1,3-dipolar cycloadditions, external reagents, 
756-757 

nitrile imine cycloadditions, 505-507 
nitrile oxide cycloadditions, 385^06 
achiral olefins, 394-399 
chiral auxiliaries, 393-399 
chiral dipolarophiles, 386-393 
chiral nitrile oxides to olefins, 400-406 
facial selectivity, chiral alkenes, 399^00 



intermolecular cycloadditions, imino acids 
and polyols, 431^37 
Lewis acid mediation, 789-790 
magnesium ion-mediated reactions, 780 
olefin additions, chiral nitrile oxides, 400^06 
nitrile ylides, cycloaddition reactions, 501-502 
nitrone transesterification-dipolar 
cycloadditions, 803-804 
l,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) 
(A^-alkylideneamino)acetonitriles, irreversible 
metalation, 762-763 

azomethine ylide 1,3-dipolar cycloadditions, 
external reagents 

a-(alkylideneamino)esters, reversible 
metalation, 765-768 

anti-selective Michael additions, 769-771 
enantiopure camphor imines, asymmetric 
Michael additions, 775-778 
silyl nitronate preparation, 115-117 
Diazadicyclo[5.3.0]decane, azomethine ylide 
intramolecular cycloadditions, 221-223 
Diazepines 

diazoalkane intramolecular cycloadditions, 
600-601 

nitrile imine cycloadditions, seven-membered 
rings, 510 

Diazirine, carbonyl ylide structures, 257—259 
nonstabilized carbene generation, 259-262 
Diazoacetacetamides, mesoionic ring systems, 
isomtinchnone synthesis, 692-695 
Diazoalkanes 

acyclic nitronate preparation, 130-132 
cycloaddition reactions 

carbon-heteroatom double bonds, 557-576 
C=As bonds, 567-570 
C=N bonds, 557-559 
C=P bonds, 559-567 
C=S bonds, 570-575 
C=Se and C=Te bonds, 575-576 
C=C bonds, 541-557 
alkenes, 549-552 

diastereofacial selectivity, 552-557 
dipolar properties, 543-549 
reactivity and regioselectivity, 541-543 
heteroatom-heteroatom double bonds, 

P=X bonds, 576-578 
heterocumulenes, 578-581 
intramolecular cycloadditions 
C=C bonds, 592-601 
C=C bonds, 601-604 
multiple bond reactions, 604 
structural chemistry, 540-541 
triple-bond systems, 581-592 
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alkynes, 581-586 

heteroatom-heteroatom triple bonds, 
586-587 
nitriles, 586 

phosphaalkynes, 587-592 
“ketocarbene dipoles” in hetereocyclic 
synthesis, 604-609 

Diazo compounds. See also Diazoalkanes 
catalytic asymmetric reactions, 888 
mesoionic ring systems, isomiinchnones 
cycloadditions, 727-735 
synthesis, 689-695 
nitrile imine structure, 477^78 
stabilized nitrile imine generation, 

495-496 

nitrile ylide generation 

carbene reactions, 486^88 
electrocyclizations, diene-conjugated 
compounds, 521-524 
structural properties, 540-541 
thiocarbonyl ylides 

1,5-dipolar electrocyclization, five-membered 
heterocycles, 345-350 
carbene/carbenoid addition, 322-324 
thiirane three-membered rings, 330-331 
Diazocumulenes, diazoalkane cycloaddition 
reactions 

carbon-heteroatom C=P bonds, 562-567 
dipole properties, 548-549 
Diazomethane compounds 

diazoalkane cycloaddition reactions, 543-549 
thiocarbonyl ylide structures, 316-318 
Diazophospholes, mesoionic ring systems, 
sydnone cycloadditions, 736-738 
Diazo(trimethylsilyl)methane, diazoalkane 

cycloadditions, C=N bonds, 558-559 
Dibenzofurzanyl-2,2'-bis(oxazoline)(DBFOX), 
catalytic asymmetric nitrone reactions, 
876-882 

1 ,4-Dicyanonaphthalene (DCN), azomethine ylide 
generation, silicon protocols, 175-181 
Dicyclohexylcarbodiimide (DCC), mesoionic ring 
systems, miinchnone synthesis, 682-687 
Dideuteriodiazomethane, carbonyl ylide 
structures, 256-259 
Diels-Alder reaction 
carbonyl ylides 

oxidopyrylium ion cycloadditions, 303-305 
tropolone and benzotropolone formation and 
reactivity, 297-298 

catalytic asymmetric nitrone reactions, 882 
intermolecular nitrone cycloaddition reactions, 
67-68 



mesoionic ring systems, miinchnone 
cycloaddition reactions, 723-725 

Dienes 

asymmetric reactions, heteroatom dienophiles, 
844-845 

azide 1,3-dipolar cycloadditions 
double-bond reactions, 664-671 
heterocyclic synthesis, double bonds, 
637-639 

nitrile ylide electrocyclizations, 520-524 

Diethyl azodicarboxylate (DEAD) 
acyclic nitronate preparation, 132 
azomethine ylide generation, silicon protocols, 
173-181 

2.5- Dihydro-l,3,4-thiadiazoles, thiocarbonyl ylide 

structures, 317-318 
cycloversion reactions, 319-320 
seven-membered ring structure, 352-354 
thiophene derivatives, five-membered ring 
structure, 31-339 

Dihydroazepine, mesoionic ring systems, 
miinchnone cycloaddition reactions, 
719-725 

Dihydrofuran derivatives, carbonyl ylide 
generation, 259-262 

Dihydropyrimidines, carbonyl ylides, alkaloid 
preparation, 285-292 

2.5- Dihydroxyoxazoles, azide 1,3-dipolar 

cycloadditions, heterocyclic synthesis, 
627-637 

Diisopropyl (R,R,)-(+)-tartrate (DIPT) 
catalytic asymmetric reactions 
nitrile oxides, 882-884 
nitrones, 878-882 
nitrile oxide cycloadditions, chiral 
dipolarophiles, 393 

Dimerization reactions, thiocarbonyl ylide 

heterocyclic synthesis, six-membered rings, 351 
intermolecular cycloadditions, 328-329 

4-Dimethylaminopyridine (DMAP), nitrile oxide 
generation, nitroalkene dehydration, 
368-370 

Dimethyl acetylenedicarboxylate (DMAD) 
azide 1,3-dipolar cycloadditions, heterocyclic 
synthesis, 630-636 
azomethine ylide generation 
dipolar cascade, 185-192 
oxazoline protocols, 181-192 
silicon protocols, 170-181 
carbonyl ylide generation 

directed syntheses, [l,3]-dipolar 
cycloadditions, 281-284 
enantioselective synthesis, 299-302 
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Dimethyl acetylenedicarboxylate (DMAD) 
{Continued) 

ketone derivations, 270-273 
mesoionic ring systems 
cycloaddition reactions 

1.3- dithiolium-4-olates, 742-744 
isomiinchnones, 725-735 
miscellaneous mesoionic heterocycles, 

745-746 

munchnones, 700-725 

1.3- oxathiazolium-5-olates, 745 

1.3- oxathiolium-4-olates, 744 
oxamunchnones, 742 
sydnones, 735-738 

1.3- thiazolium-4-thiolates, 742 
thioisomlinchnones, 739-742 
thiomiinchnones, 738 

isomiinchnone cycloaddition, 727—735 
miinchnone synthesis, 682-687 
oxamiinchnone cycloaddition reactions, 742 
oxamiinchnone synthesis, 699-700 
sydnone cycloadditions, 735-738 

l,3-thiazolium-4-thiolate synthesis, 699 
nitrile imine structure, 477 
nitrile ylides, cycloaddition reactions, 500-502 
thiocarbonyl ylides, thiophene derivatives, five- 
membered ring structure, 338-339 
A,A-Dimethylacrylamide, nitrile oxide 

cycloadditions, achiral olefins, 398-399 
Dimethyl dicarboxylate (DMAD), carbonyl ylide 
generation, 259-262 

Dimethylformamide (DMF), azomethine ylide 
generation, silicon protocols, 177-181 
Dimethyl furmamate 

azomethine ylide generation, silicon protocols, 
175-181 

chiral ylides, asymmetric reactions, 211-218 
Dimethyl maleate, azomethine ylide generation, 
silicon protocols, 173-181 

1.3- Dioxan-5-ylamines, chiral ylides, 

stereocontrol, 206-208 

Dioxazaborocines, nitrile oxide cycloadditions, 
achiral olefins, 398-399 

1.3- Dipolar cycloadditions 
asymmetric reaction selectivity, 818-822 

chiral auxiliaries, 860-863 
azides 

heterocyclic synthesis 

alkene reactions, 624—637 
alkynes and nitriles, 639-644 
allylic carbocations, 644-645 
dienes double-bond and conjugated 
systems, 637-639 



fullerene reactions, 646-649 
phosphorus ylides, 645-646 
natural synthesis 

alkene reactions, 649-664 
alkynes and nitriles, 672-676 
diene double bonds, 664-671 
azomethine ylide generation, metal-mediated 
reactions, 240-248 
carbonyl ylides 

reaction mechanisms, 254-255 
tandem directed syntheses, 278-284 
diazoalkanes 

carbon-heteroatom double bonds, 557-576 
C=As bonds, 567-570 
C=N bonds, 557-559 
C=P bonds, 559-567 
C=S bonds, 570-575 
C=Se and C=Te bonds, 575-576 
C=C bonds, 541-557 
alkenes, 549-552 

diastereofacial selectivity, 552-557 
dipolar properties, 543-549 
reactivity and regioselectivity, 541-543 
heteroatom-heteroatom double bonds, P=X 
bonds, 576-578 
heterocumulenes, 578-581 
intramolecular cycloadditions 
C=C bonds, 592-601 
C=C bonds, 601-604 
multiple bond reactions, 604 
structural chemistry, 540-541 
triple-bond systems, 581-592 
alkynes, 581-586 

heteroatom-heteroatom triple bonds, 
586-587 
nitriles, 586 

phosphaalkynes, 587-592 
external reagents 

azomethine ylides, 757-778 

anti-selective Michael additions, 768-771 
asymmetric cycloadditions, 772-774 
2-aazaallyl anions, 759 
enantiopure camphor imines, asymmetric 
Michael additions, 774-778 
enantioselective additions, 778 
metal n-alkylideneglycinates, 758-759 
N-metalated reactions, 759-778 

a-(alkylideneamino)ester reversibility, 
763-768 

(N-alkylideneamine)acetonitrile 
irreversibility, 761-763 
carbonyl ylides, 804-806 
nitrile oxides, 779-794 
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catalytic cycle, 787-788 
chemoselectivity, 786 
diastereocontrol, 780 
enantioselective reactions, 793-794 
kinetics, 784-786 

Lewis acid-mediated diastereoselectivity, 
789-790 

magnesium ion-mediated reactions, 
780-789 

miscellaneous mediators, 790-793 
reaction mechanisms, 779 
regioselectivity, 780-782 
related applications, 788-789 
solvent effects, 782-784 
nitrile ylide equivalents, 806-809 
nitrones 

magnesium ion-mediated reactions, 
797-801 

reaction mechanisms, 794-795 
titanium ion-mediated reactions, 795-797 
transesterification-diplar cycloadditions, 
801-804 

structural properties, 756-757 
intermolecular nitrone cycloaddition reactions, 
59-68 

mesoionic ring systems 

heterocyclic compounds, 745-747 
isomiinchnones 

cycloadditions, 725-735 
synthesis, 694-695 

miinchnone cycloaddition reactions, 703-725 
l,3-oxathiolium-4-olates, 744 
sydnone synthesis, 696 
thioisomiinchnones, 697-698, 740-742 
nitrile oxides, 385-406 

achiral olefins, with chiral auxiliaries, 
393-399 

chiral dipolarophiles, 386-393 
facial selectivity, chiral alkenes, 399-400 
intramolecular cycloadditions, 
stereoselectivity, 412^16 
mechanistic studies/calculations, 374-376 
olefin additions, chiral nitrile oxides, 400-406 
structural chemistry, 362-363 
nitrones, 1-3 

thiocarbonyl ylide heterocyclic synthesis, seven- 
membered ring structure, 351—354 
thiocarbonyl ylides, intermolecular reactions, 
327-328 

1,5-Dipolar electrocyclization, thiocarbonyl 

ylides, five-member heterocyclic synthesis, 
345-350 

[3 + 2]-Dipolar cycloadditions 



acyclic nitronate preparation 
acylation, 134 

trinitromethane derivatives, 132-133 
alkyl nitronate intermolecular cycloadditions, 
143-145 

azomethine ylides, external reagents, 2-azallyl 
anions, 759 
carbonyl ylides, 255 
chiral ylides, stereocontrol, 200-208 
diazoalkane cycloaddition reactions, 544-549 
alkyne triple-bond systems, 582-586 
C=C intramolecular reactions, 596-601 
heteroatom-heteroatom triple bonds, 586-587 
nitronate structures, 85-86 

alkyl nitroso acetals, spectroscopic data, 
102-105 

general reactivity, 105-114 
nitrone transesterification-dipolar 
cycloadditions, 801-804 
nitroso acetal functionalization, 125-127 
silyl nitronates, 117 
facial selectivity, 120-123 
intermolecular cycloadditions, 117-120 
intramolecular cycloadditions, 123-125 
thiocarbonyl ylides 

intermolecular reactions, 326-327 
thiophene derivatives, five-membered ring 
structure, 331-339 
Dipolarophiles 
alkyl nitronates 

facial selectivity, 146-148 
intermolecular cycloadditions, 139-145 
asymmetric cycloaddition reactions, chiral 
auxiliaries, 857-860 

azide 1,3-dipolar cycloadditions, alkyne/nitrile 
reactions, 642-644 
azomethine ylide generation 

chiral dipolarophiles, asymmetric reactions, 
193-200 

intramolecular cycloadditions, 233-237 
monosubstituted olefinic compounds, 
182-192 

silicon protocols, 170-181 
carbonyl ylide structures, epoxide generation, 
267-269 

diazoalkane cycloaddition reactions, 
diastereofacial selectivity, 552-557 
intermolecular nitrone cycloaddition reactions, 
62-68 

mesoionic ring systems 
isomiinchnones 
cycloadditions, 727-735 
synthesis, 691-695 
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Dipolarophiles (Continued) 

munchnone cycloaddition reactions, 709-725 
thioisomiinchnone cycloaddition reactions, 
739-742 

nitrile oxide cycloadditions 

mechanistic studies/calculations, 374-376 
relative reactivity, 376-380 
nitrile ylides, cycloaddition reactions, 499-502 
nitronate structures 

general reactivity, 106-114 
intermolecular cycloadditions, 
stereoselectivity, 111-112 
regioselectivity, 109-110 
silyl nitronates 
facial selectivity, 120-123 
intermolecular cycloadditions, 118-120 
intramolecular cycloadditions, 123-125 
thiocarbonyl ylide structures, thiophene 

derivatives, five-membered ring structure, 
333-339 

Dipole cascade, azomethine ylide generation, 
185-192 
Dipole structures 

diastereoselective asymmetric reactions 
chiral dipoles, 822-835 
azomethine ylides, 829-833 
enantiopure applications, 834-835 
nitrile oxides, 829 
nitrones/nitronates, 822-829 
nucleoside mechanisms, 834-835 
diazoalkane cycloaddition reactions, 543-549 
intramolecular cycloadditions, 600-601 
ketocarbene dipoles, 604-609 
nitrile oxide cycloaddition reactions 
mechanistic studies and calculations, 
37^376 

relative reactivity, 376-380 
Directed syntheses, carbonyl ylide cycloaddition, 
278-284 

Disilylamines, azomethine ylide generation, 
silicon protocols, 175-181 

1.3- Dithiolanes, thiocarbonyl ylides 
1,5-dipolar electrocyclization, five-membered 

heterocycles, 346-350 
heterocyclic synthesis, 339-343 
structural properties, 316 

1 .4- Dithianes, thiocarbonyl ylide heterocyclic 

synthesis, six-membered rings, 351 
l,3-Dithiolium-4-olates, mesoionic ring systems, 
cycloaddition reactions, 742-744 
Dittami protocol, carbonyl ylide, 

nonmetallocarbenoid/metallocarbenoid 
syntheses, 307-309 



“Domino cycloaddition/A^-acyliminium ion 
cyclization cascade,” isomunchnones, 
734-735 
Double bonds 

azide 1,3-dipolar cycloadditions, diene 
conjugation 

heterocyclic synthesis, 637-639 
natural product synthesis, 664-671 
diazoalkane 1,3-dipolar cycloadditions 

carbon-heteroatom double bonds, 557-576 
C=As bonds, 567-570 
C-N bonds, 557-559 
C=P bonds, 559-567 
C=S bonds, 570-575 
C=:Se and C=Te bonds, 575-576 
heteroatom-heteroatom double bonds, P=X 
bonds, 576-578 

nitrile imine [2 + 3]-cycloaddition reactions, 
exocyclic double bonds, 510-511 

Electrocyclizations 

carbonyl ylide structures, epoxide generation, 
268-269 

nitrile imines, 525-526 
nitrile ylides, 517-525 

alkene-conjugated ylides, 518-520 
diene-conjugated ylides, 520-524 
triene-conjugated ylides, 524-525 
thiocarbonyl ylides 

five-member heterocyclic synthesis, 345-350 
intramolecular reactions, 324-325 
Electrophiles, cyclic nitronate preparation, 
135-136 

Electrophilic capped carbonyl ylides, 

nonmetallocarbenoid/metallocarbenoid 
syntheses, 306-309 

1,3-Elimination reactions, thiocarbonyl ylide 
generation, 320-321 
Enamines 

azide 1,3-dipolar cycloadditions, heterocyclic 
synthesis, 634-637 
diazoalkane cycloaddition reactions, 
enaminoketones, 544-549 
nitrile imine nucleophile reactions, 528-530 
Enantiomer formation 

asymmetric diastereoselectivity, nitrone/ 
nitronate chiral dipoles, 827-829 
azomethine ylide generation, chiral 

dipolarophiles, asymmetric reaction, 
194-200 

nitrile imine cycloadditions, 506-507 
nitrile oxide cycloadditions, achiral olefins, 
398-399 




Index 



917 



Enantiopure camphor imines, asymmetric Michael 
additions, 774-778 
Enantioselectivity 

azomethine ylide 1,3-dipolar cycloadditions, 
asymmetric reactions, 778 
carbonyl ylide 1,3-dipolar cycloadditions, 
805-806 

catalytic asymmetric reactions, 887-888 
carbonyl ylides, 298-302 
1,3-dipolar cycloadditions 
catalytic asymmetric nitrone reactions, 
866-882, 868-882 
external reagents, 756-757 
nitrile oxide cycloadditions, 791-792 
catalyzed reactions, 792-793 
nitrone cycloadditions, catalyzed reactions, 

804 

Endocyclic reactions 

14 + 2] cycloaddition, nitroalkenes, 136-137 
azomethine ylide generation 

asymmetric reaction, chiral dipolarophiles, 
196-200 

metal-mediated reactions, 241-248 
silicon protocols, 175-181 
chiral ylides, asymmetric reactions, 200-218 
nitrile oxide intramolecular cycloadditions, 
regioselectivity, 407—410 
nitronate stereoselectivity, intramolecular 
cycloadditions, 112-114 
nitrone 1,3-dipolar cycloadditions, amine 
compounds, 39—47 

unsaturation, nitrone 1,3-dipolar cycloadditions, 
lactam formation, 10-11 
Endo-isomers, asymmetric reactions, 1,3-dipolar 
cycloadditions, 820-822 
Enolate compounds, a-(alkylideneamino)esters, 
reversible metalation, 763-768 
Enone compounds, azide 1,3-dipolar 

cycloadditions, natural synthesis, 

649-664 

Epimerization reactions 

azomethine ylide 1,3-dipolar cycloadditions, 
external reagents, anti-selective Michael 
additions, 770-771 

enantiopure camphor imines, asymmetric 
Michael additions, 774-778 
Epothilone compounds, nitrile oxide 

cycloadditions, magnesium ion-mediated 
reactions, 788-789 
Epoxide compounds 

carbonyl ylide generation, 263-269 
nonmetallocarbenoid/metallocarbenoid 
syntheses, 307-309 



nitrile oxide intramolecular cycloadditions, 
“aldol” ring cleavage, isoxazoline 
intermediates, 448^52 

Erythrose, nitrone 1,3-dipolar cycloadditions, 
24-29 

Eschenmoser-sulfide-contraction reaction, 
thiocarbonyl ylides, thiirane three- 
membered rings, 330-331 

Esters 

amino esters 

a-(alkylideneamino)esters, reversible 
metalation, 763-768 

azomethine ylide condensation protocols, 
228-237 

azomethine ylide 1,3-dipolar cycloadditions, 
asymmetric reactions, 773-774 
carbonyl ylide structures, 257-259 
derivative formations, 274-276 
directed syntheses, tl,3]-dipolar 
cycloadditions, 280-284 
enantioselective synthesis, 301-302 
diastereoselective reactions, a,p-unsaturated 
esters, 851-853 
nitrile oxide cycloadditions 
achiral olefins, 394—399 
magnesium ion-mediated reactions, 
788-789 

nitrone 1,3-dipolar cycloadditions, 

transesterification-dipolar cycloadditions, 
801-804 

Ether compounds 

asymmetric reactions, chiral auxiliaries, 
858-859 

carbonyl ylide generation 

directed syntheses, tl,3]-dipolar 
cycloadditions, 281-284 
nonmetallocarbenoid/metallocarbenoid 
syntheses, 306-309 

nitrile oxide generation, relative reactivity, 
376-380 

nitrile oxide intramolecular cycloadditions, 
“aldol” ring cleavage, isoxazoline 
intermediates, 452 

Ethyl (45',2E)-3-(2,2-dimethyl-l,3-dioxolan-4- 
yl)acrylate, enantiopure camphor 
imines, asymmetric Michael additions, 
776-778 

A^-Ethyl-A^’-dimethylaminopropylcarbodiimide 
(EDC), mesoionic ring systems, 
miinchnone synthesis, 682-687 

Evan’s auxiliary, azomethine ylide generation, 
asymmetric reaction, 198-200 

Exchange reactions, silyl nitronates, 90-93 
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Exocyclic reactions 

azomethine ylide generation 

asymmetric reaction, chiral dipolarophiles, 
196-200 

metal-mediated reactions, 241-248 
silicon protocols, 175-181 
chiral ylides, asymmetric reactions, 200-218 

1,3-dipolar cycloadditions, asymmetric 

reactions, alkene chiral centers, 842-844 
nitrile imine cycloadditions, double bonds, 
510-511 

nitrile oxide intramolecular cycloadditions, 
regioselectivity, 407—410 
nitronate stereoselectivity, intramolecular 
cycloadditions, 112-114 
nitrone 1,3-dipolar cycloadditions, amine 
compounds, 38—47 

Exo-dig processes, nitrone 1,3-APT cycloaddition, 
49-54 

External reagents, 1,3-dipolar cycloaddition 
reactions 

azomethine ylides, 757-778 

anti-selective Michael additions, 768-771 
asymmetric cycloadditions, 772-774 
2-aazaallyl anions, 759 
enantiopure camphor imines, asymmetric 
Michael additions, 774-778 
enantioselective additions, 778 
metal n-alkylideneglycinates, 758-759 
N-metalated reactions, 759-778 

a-(alkylideneamino)ester reversibility, 
763-768 

(N-alkylideneamine)acetonitrile 
irreversibility, 761-763 
carbonyl ylides, 804-806 
nitrile oxides, 779-794 
catalytic cycle, 787-788 
chemoselectivity, 786 
diastereocontrol, 780 
enantioselective reactions, 793-794 
kinetics, 784-786 

Lewis acid-mediated diastereoselectivity, 
789-790 

magnesium ion-mediated reactions, 780-789 
miscellaneous mediators, 790-793 
reaction mechanisms, 779 
regioselectivity, 780-782 
related applications, 788-789 
solvent effects, 782-784 
nitrile ylide equivalents, 806-809 
nitrones 

magnesium ion-mediated reactions, 797-801 
reaction mechanisms, 794-795 



titanium ion-mediated reactions, 795-797 
transesterification-dipolar cycloadditions, 
801-804 

structural properties, 756-757 
Facial selectivity 

alkyl nitronate cycloadditions, 146-148 
azomethine ylide generation, chiral 

dipolarophiles, asymmetric reaction, 
193-200 

azomethine ylides 

1.3- dipolar cycloadditions, asymmetric 
reactions, enantiopure camphor imines, 
asymmetric Michael additions, 778 

metal-mediated reactions, 243-248 
chiral ylides, stereocontrol, 202-208 
diazoalkane cycloaddition reactions, 552-557 
nitrile oxide cycloadditions 
chiral cycloalkenes, 399—400 
intramolecular cycloadditions, 410-416 
silyl nitronates, 120-123 
Five-atom tethers, nitrile imine intramolecular 
cycloadditions, 514—515 
Five-membered rings 

nitrile imine cycloadditions, 508-509 
three-atom tethers, 512-513 
nitrile oxide intramolecular cycloadditions, 
isoxazoline ring cleavage, 440-445 
aminoalcohol reduction, 455^58 
thiocarbonyl ylide heterocyclic synthesis 

1.3- dithiolanes, 1,3-oxathioanes, and 1,3- 
thiazole derivatives, 339-343 

1,5-dipolar electrocyclization, 345-350 
heteroatoms, 344—345 
thiophene derivatives, 331-339 
Flash vacuum thermolysis 
azomethine ylide 

generation protocols, 183-192 
intramolecular cycloadditions, aziridine 
precursors, 219-227 
nitrile imine structure, 476—478 
nitrile ylide structure, 474^75 
Fluorine-mediated desilyation, azomethine ylide 
generation, 170-181 
Formaldehyde, chiral ylides, 209-218 
Four-atom tethers, nitrile imine intramolecular 
cycloadditions, 513-514 

Four-membered rings, nitrile imine cycloadditions, 
507-508 

Frontier molecular orbital (FMO) theory 
carbonyl ylide structures, 256-259 
alkaloid preparation, 289-292 
epoxide generation, 265-269 
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catalytic asymmetric 1,3-dipolar cycloadditions, 

86^866 

diazoalkane cycloaddition reactions 
alkyne triple-bond systems, 582-586 
reactivity and regioselectivity, 541-543 
mesoionic ring systems 
isomiinchnones 

cycloadditions, 727-735 
synthesis, 692-695 
miinchnone cycloaddition reactions, 

715-725 

sydnone cycloadditions, 737-738 
thioisomiinchnone cycloaddition reactions, 
739-742 

nitrile oxide cycloadditions 

dipolar/dipolarophile mehcanism and 
relativity, 375-376 
olefin regioselectivity, 380-385 
nitrile ylide structure, 12 + 3]-cycloaddition 
reactions, 497-502 
nitronate structures 

general reactivity, 106-114 
regioselectivity, 108-110 
nitrone 1,3-dipolar cycloadditions, 2-3 
Fullerenes 

azide 1,3-dipolar cycloadditions, heterocyclic 
synthesis, 646-649 

diazoalkane cycloaddition reactions, 551-552 
Fulleroproline compounds, chiral ylides, 
asymmetric reactions, 215-218 
Fulvenes, mesoionic ring systems 

isomiinchnone cycloadditions, 726-735 
miinchnone cycloaddition reactions, 719-725 
1 ,3,2-oxathiazolium-5-olate cycloadditions, 

745 

Furan-2-ylidene malonate, thiocarbonyl ylides, 
thiirane three-membered rings, 330-331 
Furanones 

asymmetric cycloaddition reactions, chiral 
auxiliaries, 857-860 

diazoalkane cycloaddition reactions, 554-557 
Furanoses, azide 1,3-dipolar cycloadditions, 
alkyne/nitrile synthesis, 675-676 

Furans 

mesoionic ring systems, isomiinchnones 
cycloadditions, 730-735 
synthesis, 691-695 

nitrile oxide intermolecular cycloadditions 
aminoalcohol ring cleavage, 429^31 
cycloaddition-reduction-hydrolysis sequence, 
419 

nitrile oxide intramolecular cycloadditions, 

416 



nitrile ylides, electrocyclizations, 518-520 
Furoxans 

alkyl nitronate intermolecular cycloadditions, 
145 

intramolecular nitrile oxide cycloadditions, 
437^39 

thermolysis, nitrile oxide generation, 371-374 
Fused-mode cycloadditions, alkyl nitronates, 
intramolecular cycloadditions, 150-153 

Galactose compounds, azide 1,3-dipolar 

cycloadditions, natural synthesis, 663-664 
Ge=Ge bonds, diazoalkane cycloaddition 
reactions, 578 

General reactivity. See also Relative reactivity 
alkyl nitronates, intermolecular cycloadditions, 
139-145 

diazoalkane cycloaddition reactions, 541-543 
nitronates, 105-114 

regioselectivity, 108-110 
stereoselectivity, 111-114 

intermolecular cycloadditions, 111-112 
intramolecular cycloadditions, 112-114 
mechanisms, 114 

silyl nitronates, intermolecular cycloadditions, 
117-120 
Glucose 

azide 1,3-dipolar cycloadditions 
alkyne/nitrile synthesis, 674—676 
natural synthesis, 663-664 
nitrile oxide intramolecular cycloadditions, 
“aldol” ring cleavage, isoxazoline 
intermediates, 441^45 
Glycine imines, azomethine ylide 1,3-dipolar 
cycloadditions, external reagents, N- 
alkylideneglycinates, 758-759 
Grignard reagents, nitrile oxide cycloadditions 
chiral dipolarophiles, 392-393 
olefin regioselectivity, 384-385 
Guanidine compounds, nitrone 1,3-dipolar 
cycloadditions, 44—47 

Hashimoto protocol 

carbonyl ylide generation, enantioselective 
synthesis, 300-302 

zaragozic acid carbonyl ylide derivatives, 
294-296 

Head-to-head dimerization, thiocarbonyl ylide 
heterocyclic synthesis, six-membered 
rings, 351 

Head-to-tail dimerization, thiocarbonyl ylide 
heterocyclic synthesis, six-membered 
rings, 351 
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Hemaldulcin, nitrile oxide intramolecular 

cycloadditions, “aldol” ring cleavage, 
isoxazoline intermediates, 445^52 

Heteroarsoles, diazoalkane cycloadditions, 

carbon-heteroatom C=As double bonds, 
568-570 

Heteroatomic structures 

asymmetric reactions, dienophiles, 844-845 
diazoalkane cycloaddition reactions 

carbon-heteroatom double bonds, 557-576 
C=As bonds, 567-570 
C=N bonds, 557-559 
C=P bonds, 559-567 
C=S bonds, 570-575 
C=Se and C=Te bonds, 575-576 
heteroatom-heteroatom double bonds, 
576-578 

heteroatom-heteroatom triple bonds, 586-587 
nitrone 1,3-APT cycloaddition, 52-54 
thiocarbonyl ylides, five-membered rings, 
34^345 

Heterocumulenes 

diazoalkane cycloaddition reactions, 578-581 
thiocarbonyl ylides, heterocyclic synthesis, 
341-343 

Heterocyclic synthesis 

azide 1,3-dipolar cycloadditions 
alkene reactions, 624—637 
alkynes and nitriles, 639-644 
allylic carbocations, 644-645 
dienes double-bond and conjugated systems, 
637-639 

fullerene reactions, 646-649 
phosphorus ylides, 645-646 
diazoalkane cycloaddition reactions, 
ketocarbene dipoles, 604-609 
mesoionic ring systems 

isomiinchnone cycloadditions, 728-735 
miscellaneous compounds, 745-747 
nitrile imine cycloadditions, 507 
thiocarbonyl ylides 

three-membered thiirane rings, 329-331 
five-membered rings 

1,3-dithiolanes, 1,3-oxathioanes, and 1,3- 
thiazole derivatives, 339-343 
1,5-dipolar electrocyclization, 345-350 
heteroatoms, 344-345 
thiophene derivatives, 331-339 
six-membered rings, 351 
seven-membered rings, 351-355 

Heterodipolarophiles 

carbonyl ylide generation, ketone derivation, 
272-273 



silyl nitronates, dipolar cycloadditions, 119-120 
thiocarbonyl ylides, intermolecular reactions, 
327 

Heterophospholes, diazoalkane cycloaddition 
reactions 

carbon-heteroatom C=P bonds, 565-567 
triple bond systems, 588-592 
HF/6-31G* calculations, nitronate structures, 
intermolecular cycloadditions, 
stereoselectivity, 111-112 
Highest occupied molecular orbital (HOMO) 
azomethine ylide generation 

intramolecular cycloadditions, 235-237 
silicon protocols, 171-181 
carbonyl ylide structures, 256-259 
alkaloid preparation, 290-292 
epoxide generation, 265-269 
catalytic asymmetric 1,3-dipolar cycloadditions, 
864-866 

chiral ylides, asymmetric reactions, 210-218 
diazoalkane cycloaddition reactions 
alkyne triple-bond systems, 582-586 
reactivity and regioselectivity, 541-543 
mesoionic ring systems 

isomiinchnone cycloaddition, 727-735 
isomiinchnone synthesis, 692-695 
miinchnone cycloaddition reactions, 709-725 
nitrile oxide cycloadditions, dipolar/ 

dipolarophile mehcanism and relativity, 
375-376 

nitrile ylide structure, [2 + 3]-cycloaddition 
reactions, 497-502 
nitronate structures 

general reactivity, 106-114 
regioselectivity, 108-110 
thiocarbonyl ylide heterocyclic synthesis, seven- 
membered ring structure, 351-354 
(-)-Histrionicotoxin, nitrone 1,3-dipolar 
cycloadditions, 41-47 

H NMR. See Proton nuclear magnetic resonance 
(‘H NMR) 

Hodgson protocol, carbonyl ylide structures 
enantioselective synthesis, 299-302 
zaragozic acid carbonyl ylide derivatives, 
295-296 

Homochiral compounds, nitrile imine 

cycloadditions, five-atom tether, 515 
Houk-Jager model, nitrile oxide cycloadditions, 
chiral dipolarophiles, 390-393 
Hydrazones, oxidation, transient nitrile imines, 
494^95 

Hydrazonyl chlorides, nitrile imines 
nucleophile reactions, 527-530 
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transient formation, 492—494 
Hydrochloric acid, thiocarbonyl ylide generation, 
1,3-elimination reactions, 321 
1 ,4-Hydrogen shift, thiocarbonyl ylide 

intramolecular reactions, 325-326 
Hydrogen bonding, nitrile oxide cycloadditions 
chiral dipolarophiles, 390-393 
olefin regioselectivity, 384—385 
Hydroximoyl chloride dehydrohalogenation, 
nitrile oxide generation, 364-368 
one-pot oxime formation and cycloaddition, 
367-368 

oxime halogenation, 365-367 
in situ generation, 367 

Hydroximoyl halide, nitrile oxide generation, 
363-364 

p-Hydroxy-a-amino acids, chiral ylides, 
asymmetric reactions, 213-218 
p-Hydroxy carbonyl compounds, nitrile oxide 
intermolecular cycloadditions, “aldol” 
ring cleavage, 417-425 
1 - [2-Hydroxyethoxy-methyl] -6- 

(phenylthio)thymine (HEPT), azide 1,3- 
dipolar cycloadditions, alkyne/nitrile 
reactions, 642-644 
p-Hydroxy ketone 

isoxazolidine cyclization, 128-130 
nitrile oxide intramolecular cycloadditions, 
intermediate isoxazoline ring cleavage, 
439^54 

nitroso acetal functionalization, 126-127 
Hydroxylamines, intermolecular nitrone 
cycloaddition reactions, 64-68 
3-Hydroxy-4-methylproline, nitrone 1,3-dipolar 
cycloadditions, 18-23 

Hypobromite, nitrile oxide generation, oxime 
one-pot operations, 368 

Illudin compounds, carbonyl ylide preparation, 
292-294 

Imidate compounds, nitrile ylide synthon 
formation, 480^85 

Imidosulfoxides, mesoionic ring systems, 
isomiinchnone synthesis, 692-695 
Imidoyl chlorides, nitrile ylides 
cycloaddition reactions, 500-502 
dehydrochlorination, 490^91 
electrocyclizations, diene-conjugated 
compounds, 521-524 
Imine compounds 

azide 1,3-dipolar cycloadditions, natural 
synthesis, 655-664 
azomethine ylide generation 



asymmetric reaction, 196-200 
diastereoselective asymmetric reactions, 
834-835 

intramolecular cycloadditions, 228-237 
enantiopure camphor imines, asymmetric 
Michael additions, 774-778 
nitrile imines 

[2 + 3]-cycloaddition reactions, 502-517 
four-membered rings, 507-508 
five-membered rings, 508-509 
six-membered rings, 509-510 
seven-membered rings, 510 
exocyclic double bonds, 510-511 
heterocyclic rings, 507 
intramolecular cycloadditions, 511-516 
three-atom tether, 512-513 
our- atom tether, 513-514 
five-atom tether, 514-515 
six-or-greater atom tether, 515-516 
selectivity, 505-507 
stabilized nitrile imines, 502-504 
tandem intermolecular-intramolecular 
cycloadditions, 516-517 
electrocyclization reactions, 525-526 
generation mechanisms 
stabilized imines, 495^96 
transient imines, 492^95 
nucleophile reactions, 527—530 
physical and spectroscopic properties, 
475^78 

nitrile ylide synthons, 479—485 
Imino acids 

azide 1,3-dipolar cycloadditions, natural 
synthesis, 653-664 
mesoionic ring systems, munchnone 
cycloaddition reactions, 719-725 
nitrile oxide intermolecular cycloadditions, 
isoxazoline route, 431^37 
Iminopolyols, nitrile oxide intermolecular 
cycloadditions, isoxazoline route, 

431^37 

Immunosuppresive drugs, asymmetric 

diastereoselectivity, nitrone/nitronate 
chiral dipoles, 823-829 
INDO calculations, nitronate structures 

intermolecular cycloadditions, stereoselectivity, 
111-112 

regioselectivity, 108-110 
Indolium salts, azomethine ylide generation, 239 
Indolizidines 

azide 1,3-dipolar cycloadditions 

diene double bond reactions, 667-671 
natural synthesis, 655-664 
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Indolizidines (Continued) 

azomethine ylide generation, silicon protocols, 
176-181 

nitrone 1,3-dipolar cycloadditions, 12-18 
Indoloquinones, azomethine ylide generation, 
238-239 

Infrared (IR) absorbances 
alkyl nitronates, 97-102 
nitroso acetals, 102-105 
silyl nitronates, 89-90 
Inside alkoxy effect 

nitrile oxide cycloadditions 
chiral dipolarophiles, 387-393 
intramolecular cycloadditions, 
stereoselectivity, 413^16 
nitrone 1,3-dipolar cycloadditions, 35-37 
In situ techniques 

azomethine ylide cycloadditions, asymmetric 
1,3-dipolar cycloadditions, 833 
mesoionic ring systems 

isomiinchnone cycloadditions, 731-735 
miinchnone cycloaddition reactions, 704-725 
nitrile imines, transient formation, 493^94 
nitrile oxide cycloadditions 

dehydrohalogenation, hydroximoyl chloride, 
367 

Lewis acid-mediated diastereoselective 
reactions, 789-790 
preparation, 362-363 
Intermolecular cycloadditions 

acyclic nitronate preparation, 131-132 
alkyl nitronates, 138-145 
carbonyl ylide generation 
alkaloid systems, 284-292 
amide derivations, 276-278 
enantioselective synthesis, 300-302 
ketone derivation, 269-273 
mesoionic ring systems, isomiinchnones, 
727-735 

nitrile oxides, 416-437 

aminoalcohol ring cleavage, 425^31 
isoxazoline compounds 

“aldol” ring cleavage, intermediates, 
417^25 

achiral nitrile oxides/chiral olefins, 
419^24 

achiral nitrile oxides/olefins, 418—419 
chiral nitrile oxides/achiral olefins, 
424^25 

mono- and bicyclic imino acids and 
polyols, 431-437 
natural products, 416^17 
nitronate stereoselectivity, 111-112 



nitrone isoxazolidines, 59-68 
silyl nitronates, 117-120 
thiocarbonyl ylides, 326-329 
1,3-addition reactions, 327-328 
[3 + 2] cycloadditions, 326-327 
dimerization reactions, 328-329 
Intramolecular cycloadditions 
acyclic nitronate preparation, 134 
alkyl nitronates, 148-153 
asymmetric reactions, diastereoselectivity, 
845-851 

azide dipoles, 850-851 
nitrile oxides, 848-850 
nitrones/nitronates, 845-848 
azomethine ylides, 219-239 

alternative generation procedures, 237-239 
aziridine precursors, 219-227 
decarboxylative and amino ester 
condensation protocols, 228-237 
external reagents, anti-selective Michael 
additions, 770-771 
carbonyl ylide generation 
alkaloid systems, 284-292 
amide/urea derivation, 276-278 
enantioselective synthesis, 299-302 
ester derivatives, 275-276 
ketone derivation, 269-273 
tropolone and benzotropolone formation and 
reactivity, 296-298 

diastereoselectivity, asymmetric reactions, 
845-851 

azide dipoles, 850-85 1 
nitrile oxides, 848-850 
nitrones/nitronates, 845-848 
diazoalkanes 

C=C bonds, 592-601 
C=C bonds, 601-604 
multiple bond reactions, 604 
mesoionic ring systems 

isomiinchnones, 691-695, 732-735 
miinchnone cycloaddition reactions, 710-725 
nitrile imines, 511-516 
three-atom tether, 512-513 
our-atom tether, 513-514 
five-atom tether, 514-515 
six-or-greater atom tether, 515-516 
nitrile oxides 

regioselectivity, 407—410 
stereoselectivity, 410-416 
synthesis applications, 437—461 
isoxazoline ring cleavage, 439^61 

“aldol” reduction-hydrolysis, 440—454 
y-aminoalcohol, 454^58 
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isoxazolinium salts, transformation with, 
458^61 

polycyclic isoxazolines and furoxans, 
437^39 

nitronate stereoselectivity, 112-114 
nitrone 1,3-dipolar cycloadditions, pyrrolidines 
and piperidines, 37^7 
nitrone-alkene cycloadditions (INAC), 55-59 
oxime-olefin cycloadditions (lOOC), 54-55 
silyl nitronates, 123-125 
thiocarbonyl ylides, 324-326 
electrocyclizations, 324-325 
1,4-hydrogen shift, 325-326 
thiophene derivatives, five-membered ring 
structure, 336-339 

Intramolecular nitrile oxide cycloadditions 
(INOC), origins of, 363 
Inverse electron demand 

catalytic asymmetric 1,3-dipolar cycloadditions, 

86^866 

catalytic asymmetric nitrone reactions, 876-882 
lodohydrin, carbonyl ylide generation, 260-262 
Ipalbidine, mesoionic ring systems, isomiinchnone 
cycloadditions, 729-735 
Irreversible metalation, (A-alkylideneamino) 
acetonitriles, 761-763 
Isocyanates 

mesoionic ring systems, isomiinchnone 
cycloadditions, 731-735 
nitrile ylide 1,3-dipolar cycloadditions, 807-809 
Isoindolediones, mesoionic ring systems, 

miinchnone cycloaddition reactions, 
710-725 

Isomer formation, azomethine ylide generation, 

chiral dipolarophiles, asymmetric reaction, 
19^200 

Isomerization barrier, silyl nitronates, 91-93 
Isomiinchnones 

carbonyl ylide cycloaddition, alkaloid 
preparation, 285-292 

diastereoselective asymmetric reactions, dipole 
structures, 834-835 
mesoionic ring systems 

cycloaddition reactions, 725-735 
synthesis reactions, 687-695 
Isonorborneol-tethered chiral dipolarophile, 

azomethine ylide generation, asymmetric 
reaction, 199-200 
Isoquinolines 

azide 1,3-dipolar cycloadditions, heterocyclic 
synthesis, 625-637 
mesoionic ring systems, miinchnone 
cycloaddition reactions, 710-725 



nitrile imine cycloadditions, six-membered 
rings, 509-510 

triene-conjugated nitrile ylides, 
electrocyclizations, 525 
Isoquinolone compounds, azide 1,3-dipolar 
cycloadditions, heterocyclic synthesis, 
632-637 

Isoselenocyanates, diazoalkane cycloaddition 
reactions, heterocumulenes, 580-581 
Isothiazole dioxides 

azide 1,3-dipolar cycloadditions, double-bonded 
diene conjugation, 637-639 
mesoionic ring systems 

miinchnone cycloaddition reactions, 714-725 
1 ,3,2-oxathiazolium-5-olate cycloadditions, 
745 

Isothiocyanates, thiocarbonyl ylides, 1,5-dipolar 
electrocyclization, five-membered 
heterocycles, 347-350 
Isoxazolidinylthymines, nitrone 1,3-dipolar 

cycloadditions, nucleoside antibiotics, 5-8 
Isoxazolidines 

applications, 127-130 
nitrile oxide cycloadditions, achiral olefins, 
396-399 

nitrone 1,3-dipolar cycloadditions, magnesium 
ion-mediated reactions, 798-801 
nitrone cycloaddition reactions, 47-68 

1.3- dipolar cycloadditions, 2-3 
lactam formation, 9-11 
nucleosides, 4—8 

sugars, 24-29 

1.3- APT process, 48-54 
intermolecular reactions, 59-68 
intramolecular cycloadditions 

nitrone-alkene (INAC), 55-59 
oxime-olefin, 54-55 

nitroso acetal functionalization, 125-127 
silyl nitronates, nitroso acetals, 93-95 
Isoxazoline compounds 

alkyl nitronates, nitroso acetal functionalization, 
153-154 

nitrile oxide cycloadditions 
chiral dipolarophiles, 391-393 
enantiopure compounds, 792 
external reagents, 779-794 
intermolecular cycloadditions 

“aldol” ring cleavage, intermediates, 

417^25 

achiral nitrile oxides/achiral olefins, 
418^19 

achiral nitrile oxides/chiral olefins, 
419^24 
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Isoxazoline compounds (Continued) 

chiral nitrile oxides/achiral olefins, 
424^25 

chiral nitrile oxides/chiral olefins, 425 
aminoalcohol ring cleavage, 425^31 
mono- and bicyclic imino acids and 
polyols, 431-437 
natural products, 416^17 
intramolecular cycloadditions 

isoxazolinium salt transformation, 

458-461 

polycyclic synthesis, 437^39 
reduction to y-aminoalcohol, 454—458 
ring cleavage, intermediate structures, 
439^54 

magnesium ion-mediated reactions, 781-782 
olefin regioselectivity, 384-385 
nitroso acetal functionalization, 125-127 
silyl nitronates, applications, 128-130 
Isoxazolinium salts, nitrile oxide intramolecular 
cycloadditions 

intermediate isoxazoline ring cleavage, 439^54 
isoxazoline transformation, 458^61 

Kainoids, azomethine ylide generation, 

intramolecular cycloadditions, 225-227 
Kanemasa protocol, nitrile oxide cycloadditions, 
chiral dipolarophiles, 391-393 
Kemp’s triacid, nitrile oxide cycloadditions, 
achiral olefins, 395-399 
Ketene imines, thiocarbonyl ylide heterocyclic 

synthesis, seven-membered ring structure, 
354 

Ketenes 

azide 1,3-dipolar cycloadditions, heterocyclic 
synthesis, 627-637 
diazoalkane cycloaddition reactions, 
heterocumulenes, 581 

Ketocarbene dipoles, diazoalkane cycloaddition 
reactions, 604-609 
Ketones 

carbonyl ylide generation, 269-273 
directed syntheses, [l,3]-dipolar 
cycloadditions, 280-284 
nitrone 1,3-dipolar cycloadditions, reaction 
mechanisms, 795 

Kinetic data, nitrile oxide cycloadditions, 
magnesium ion-mediated reactions, 
78^786 

Lactams 

asymmetric reactions, 1,3-dipolar 

cycloadditions, allyl amine derivatives, 
838-839 



azide 1,3-dipolar cycloadditions, heterocyclic 
synthesis, 628-637 
azomethine ylide generation 

intramolecular cycloadditions, 232-237 
silicon protocols, 181 
catalytic asymmetric nitrone reactions, 

881-882 
chiral ylides 

asymmetric reactions, 217-218 
stereocontrol, 203-208 
mesoionic ring systems, isomiinchnone 
synthesis, 689-695 

nitrone 1,3-dipolar cycloadditions, 8-11 
Lactones 

chiral ylides, asymmetric reactions, allyl alcohol 
derivatives, 837-838 

intermolecular nitrone cycloaddition reactions, 
62-68 

nitrile oxide intermolecular cycloadditions, 
achiral nitrile oxides to chiral olefin, 
420^24 

nitrile oxide intramolecular cycloadditions, 
“aldol” ring cleavage, 453^54 
nitrone 1,3-dipolar cycloadditions, sugars, 
26-29 

Laser fiash photolysis (LFP) 
nitrile imine structure, 477 
nitrile ylide structure 

azirine photolysis, 489^90 
carbene reactions, 486^88 
[2 + 3]-cycloaddition reactions, 497-502 
nucleophile reactions, 526-527 
Lasubine II, nitrone 1,3-dipolar cycloadditions, 
13-18 

Lepadiformine, nitrone 1,3-dipolar cycloadditions, 
43^7 
Lewis acids 

azomethine ylide 1,3-dipolar cycloadditions, 
external reagents, a-(alkylideneamino) 
esters, reversible metalation, 763-768 
carbonyl ylide 1,3-dipolar cycloadditions, 
804-806 

catalytic asymmetric 1,3-dipolar cycloadditions, 
864-866 

nitrile oxide cycloadditions 

diastereoselective reactions, 789-790 
enantioselective reactions, 792-793 
nitrone 1,3-dipolar cycloadditions, magnesium 
ion-mediated reactions, 799-801 
nitrone cycloadditions 

reaction mechanisms, 794-795 
titanium ion-mediated reactions, 795-797 
Ligand effects, carbonyl ylide generation, ketone 
derivation, 272-273 
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Lithium compounds 

azomethine ylide 1,3-dipolar cycloadditions, 
external reagents 

a-(alkylideneamino)esters, reversible 
metalation, 763-768 

anti-selective Michael additions, 768-771 
asymmetric cyloadditions, 772-774 
2-azaallyl anions, 759 
enantiopure camphor imines, asymmetric 
Michael additions, 775-778 
diazoalkane cycloaddition reactions, 
heterocumulenes, 578-581 
lithium diisopropylamide (LDA) 

(A-alkylideneamino)acetonitriles, irreversible 
metalation, 761-763 
azomethine ylide generation, 184-192 
diazoalkane cycloaddition reactions, 544-549 
lithium enolate reagent, intramolecular nitrone- 
alkene cycloadditions (INAC), 58-59 
nitrile imines, hydrazone oxidation, 494^95 
nitrile oxide intermolecular cycloadditions, 
aminoalcohol ring cleavage, 425^31 
Lowest unoccupied molecular orbital (LUMO) 
azomethine ylide generation 

intramolecular cycloadditions, 235-237 
silicon protocols, 171-181 
carbonyl ylide structures, 257-259 
alkaloid preparation, 290-292 
epoxide generation, 265-269 
catalytic asymmetric 1,3-dipolar cycloadditions, 
86^866 

chiral ylides, asymmetric reactions, 210-218 
diazoalkane cycloaddition reactions 
alkyne triple-bond systems, 582-586 
reactivity and regioselectivity, 541-543 
mesoionic ring systems 

isomiinchnone cycloaddition, 727—735 
miinchnone cycloaddition reactions, 703-725 
nitrile oxide cycloadditions, dipolar/ 

dipolarophile mechanism and reactivity, 
375-386 

nitrile ylide structure, 12 + 3]-cycloaddition 
reactions, 497-502 
nitronate structures 

general reactivity, 106-114 
regioselectivity, 108-110 
thiocarbonyl ylide heterocyclic synthesis, seven- 
membered ring structure, 351-354 
Lupinine, mesoionic ring systems, isomiinchnone 
synthesis, 693-695 

Lycorane, azide 1,3-dipolar cycloadditions, natural 
product synthesis, 658-664 
Lycorine, carbonyl ylide alkaloid preparation, 
288-292 



Macrocyclic compounds, nitrile oxide 

intramolecular cycloadditions, “aldol” 
ring cleavage, 453—454 
Macrolides, nitrile oxide intramolecular 

cycloadditions, “aldol” ring cleavage, 
isoxazoline intermediates, 447^52 
Magnesium alkoxides, nitrile oxide 

cycloadditions, magnesium ion-mediated 
reactions, kinetic data, 784-786 
Magnesium bromide, nitrile oxide cycloadditions, 
achiral olefins, 398-399 
Magnesium complexes, catalytic asymmetric 
nitrone reactions, 870-882 
Magnesium ion-mediated reactions 
nitrile oxide cycloadditions 
applications, 788-789 
catalytic cycle, 787-788 
chemoselectivity, 786 
diastereocontrol, 780 
kinetics, 784-786 
regiocontrol, 780-782 
solvent effects, 782-784 
nitrone 1,3-dipolar cycloadditions, 797-801 
Mander’s reagent, carbonyl ylide alkaloid 
preparation, 291-292 

Manganese complexes, azomethine ylide catalytic 
asymmetric reactions, 885-886 
Mannich cyclization, isomiinchnone 
cycloaddition, 734-735 
Mannoside compounds, nitrile oxide 
intramolecular cycloadditions, 
aminoalcohol reduction, 456-^58 
Manzamine A, azomethine ylide intramolecular 
cycloadditions, 236-237 
Menthol groups, diastereoselective reactions, 
a,p-unsaturated esters, 851-853 
Menthol-tethered chiral dipolarophile, azomethine 
ylide generation, asymmetric reaction, 
199-200 

Menthone compounds, 1,3-dipolar cycloadditions, 
chiral auxiliaries, 861-863 
Merck protocol, zaragozic acid carbonyl ylide 
derivatives, 294-296 

(-)-Mesembrine, azomethine ylide generation, 
intramolecular cycloadditions, 225-227 
Mesoionic ring systems 
classification, 681-682 
cycloaddition reactions 

1.3- dithiolium-4-olates, 742-744 
isomiinchnones, 725-735 
miscellaneous mesoionic heterocycles, 

745-746 

munchnones, 700-725 

1.3- oxathiazolium-5-olates, 745 
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Mesoionic ring systems {Continued) 

1.3- oxathiolium-4-olates, 744 
oxamiinchnones, 742 
sydnones, 735-738 

1.3- thiazolium-4-thiolates, 742 
thioisomiinchnones, 739-742 
thiomiinchnones, 738 

synthesis 

isomiinchnones, 687-695 
miinchnones, 682-687 
oxamiinchnones, 699-700 
sydnones, 696 

1 .3- thiazolium-4-thiolates, 698-699 
thioisomiinchnones, 697-698 
thiomiinchnones, 696-697 

Mesitylnitrile oxide, nitrile oxide cycloadditions, 
magnesium ion-mediated reactions, 
788-789 

Metallocarbenoids, carbonyl ylide generation, 

269 

novel synthetic processes, 306-309 
Metal-mediated reactions 
azomethine ylides, 240-248 

1.3- dipolar cycloadditions, external reagents, 
759-778 

a-(alkylideneamino)ester reversibility, 
763-768 

(N-alkylideneamine)acetonitrile 
irreversibility, 761-763 
A^-alkylideneglycinates, 758-759 
diazoalkane ketocarbene dipoles, 607-609 
Methoxymethyl (MOM) groups, nitrone 1,3- 
dipolar cycloadditions, 12-13 
Methyi (£’)-4-oxo-2-propenoate, azomethine ylide 

1,3-dipolar cycloadditions, asymmetric 
reactions, 772-774 
Methyl acrylate 
azomethine ylides 

1,3-dipolar cycloadditions, external reagents, 
759-778 

a-(alkylideneamino)ester reversibility, 
763-768 

(N-alkylideneamine)acetonitrile 
irreversibility, 761-763 
A^-alkylideneglycinates, 758-759 
generation, 186-192 
diazoalkane cycloaddition reactions, 

547-549 

nitrile oxide cycloadditions, olefin 
regioselectivity, 380-385 
nitrile ylide electrocyclizations, 519-520 
silyl nitronates, intermolecular cycloadditions, 
117-120 



Methylene compounds 

nitrile oxide cycloadditions, olefin 
regioselectivity, 384-385 
nitrone 1,3-dipolar cycloadditions, lactam 
formation, 10-11 

A^-a-Methylbenzyl substituent, asymmetric 
diastereoselectivity, nitrone/nitronate 
chiral dipoles, 822-829 
Methyl(naphthylideneamino)acetate, a- 

(alkylideneamino)esters, reversible 
metalation, 765-768 
Methyl propiolate 

azomethine ylide generation, 186-192 
mesoionic ring systems 

miinchnone cycloaddition reactions, 

706-725 

sydnone cycloadditions, 735-738 
Michael additions 

asymmetric reactions, enantiopure camphor 
imines, 774-778 

azomethine ylides, 1,3-dipolar cycloadditions 
anti-selective external reagents, 768-771 
asymmetric reactions, enantiopure camphor 
imines, 774-778 

silyl nitronates, intramolecular cycloadditions, 
124-125 

Mintlactone, nitrile oxide intramolecular 

cycloadditions, “aldol” ring cleavage, 
isoxazoline intermediates, 446^52 
Mitomycin A, azide 1,3-dipolar cycloadditions, 
natural synthesis, 652-664 
Mitsunobu conditions 

acyclic nitronate preparation, 132 
cyclic nitronate preparation, 134-136 
Molecular structure, chiral ylides, stereocontrol, 
200-208 

Mono-imino acids and polyols, nitrile oxide 

intermolecular cycloadditions, isoxazoline 
route, 431^37 

Morita-Baylis-Hillman adducts, nitrile oxide 
cycloadditions, chiral dipolarophiles, 
390-393 

Morphinane compounds, azide 1,3-dipolar 

cycloadditions, heterocyclic synthesis, 
630-636 
Morpholinone 

azomethine ylide generation, 187-192 
chiral ylides, asymmetric reactions, 214-218 
Miinchnones, mesoionic ring systems 
cycloaddition reactions, 700-725 
synthesis mechanisms, 682-687 
Muscone compounds, nitrile oxide intramolecular 
cycloadditions, “aldol” ring cleavage, 454 
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Naphthoquinone, azide 1,3-dipolar cycloadditions, 
heterocyclic synthesis, 631-637 
Naphthyridinomycin, azomethine ylide 

generation, asymmetric reaction, 199-200 
Naringinase, azide 1,3-dipolar cycloadditions, 
alkyne/nitrile synthesis, 675-676 
(+)-Negamycin, nitrone 1,3-dipolar 
cycloadditions, 18-23 

Neurokinin-A, nitrone 1,3-dipolar cycloadditions, 
20-23 

Nitrile compounds 

azide 1,3-dipolar cycloadditions 
heterocyclic synthesis, 639-644 
natural synthesis, 672-676 
azomethine ylide generation, silicon protocols, 
171-181 

carbonyl ylide generation, 277—278 
diazoalkane cycloaddition reactions, alkyne 
triple-bond systems, 586 
thiocarbonyl ylides, heterocyclic synthesis, 343 
Nitrile imines 

asymmetric reactions, 1,3-dipolar 
cycloadditions, 819-822 
[2 + 3]-cycloaddition reactions, 502-517 
four-membered rings, 507-508 
five-membered rings, 508-509 
six-membered rings, 509-510 
seven-membered rings, 510 
exocyclic double bonds, 510-511 
heterocyclic rings, 507 
intramolecular cycloadditions, 511-516 
three-atom tether, 512-513 
our-atom tether, 513-514 
five-atom tether, 514-515 
six-or-greater atom tether, 515-516 
selectivity, 505-507 
stabilized nitrile imines, 502-504 
tandem intermolecular-intramolecular 
cycloadditions, 516-517 
electrocyclization reactions, 525-526 
generation mechanisms 
stabilized imines, 495^96 
transient imines, 492^95 
nucleophile reactions, 527-530 
physical and spectroscopic properties, 475^78 
Nitrile oxides 

asymmetric reactions 

alkene chiral centeres, 843-844 
diastereoselectivity, 829 
1,3-dipolar cycloadditions, 819-822 
catalytic reactions, 882-884 
intramolecular cycloadditions, 848-849 
cycloaddition reactions, 374—406 



diastereoselectivity, 385—406 

achiral olefins, with chiral auxiliaries, 
393-399 

chiral dipolarophiles, 386-393 
facial selectivity, chiral alkenes, 399—400 
olefin additions, chiral nitrile oxides, 
400^06 

dipole/dipolarophiles 

mechanistic studies and calculations, 
374-376 

relative reactivity, 376-380 
olefin regioselectivity, 380-385 
diastereoselective reactions, a,p-amides, 
856-857 

external reagents, 1,3-dipolar cycloaddition 
reactions, 779-794 
enantioselective reactions, 793-794 
Lewis acid-mediated diastereoselectivity, 
789-790 

magnesium ion-mediated reactions, 
780-789 

catalytic cycle, 787-788 
chemoselectivity, 786 
diastereocontrol, 780 
kinetics, 784—786 
regioselectivity, 780-782 
related applications, 788-789 
solvent effects, 782-784 
miscellaneous mediators, 790-793 
reaction mechanisms, 779 
generation methods, 363-374 
aldoxime oxidation, 370-371 
furoxan thermolysis, 371-374 
hydroximoyl chloride dehydrohalogenation, 
364-368 

one-pot oxime formation and 
cycloaddition, 367-368 
oxime halogenation, 365-367 
in situ generation, 367 
nitroalkane dehydration, 368-370 
intermolecular cycloadditions, 416—437 
aminoalcohol ring cleavage, 425^31 
isoxazoline compounds 

“aldol” ring cleavage, intermediates, 
417^25 

achiral nitrile oxides/chiral olefins, 
419^24 

achiral nitrile oxides/olefins, 418^19 
chiral nitrile oxides/achiral olefins, 
424-425 

mono- and bicyclic imino acids and 
polyols, 431^37 
natural products, 4164-17 
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Nitrile oxides {Continued) 
intramolecular cycloadditions 
regioselectivity, 407^10 
stereoselectivity, 410^16 
synthesis applications, 437^61 
isoxazoline ring cleavage, 439^61 

“aldol” reduction-hydrolysis, 440—454 
y-aminoalcohol, 454^58 
isoxazolinium salts, transformation with, 
458^61 

polycyclic isoxazolines and furoxans, 
437^39 

nitroso acetal functionalization, 126-127 
structural chemistry, 362-363 
Nitrile ylides 

[2 + 3]-cycloaddition reactions, 496-502 
1,3-dipolar cycloadditions, 806-809 
electrocyclization reactions, 517-525 
alkene-conjugated ylides, 518-520 
diene-conjugated ylides, 520-524 
triene-conjugated ylides, 524-525 
generation mechanisms, 478^92 
azirine photolysis, 488^90 
carbene reactions, 485—488 
imidoyl chloride dehydrochlorination, 
490-491 

synthon generation, 479—485 
imidoyl chloride dehydrochlorination, 

490-491 

nucleophile reactions, 526-527 
physical and spectroscopic properties, 

47^75 

Nitroacetals 

mesoionic ring systems, miinchnone 
cycloaddition reactions, 715-725 
nitrile oxide intermolecular cycloadditions, 
achiral nitrile oxides to chiral olehn, 
421^24 
Nitroalkanes 

acyclic nitronate preparation, 133-134 
nitrile oxide cycloadditions, chiral nitrile oxides 
to olefins, 400-406 
nitrile oxide generation, 363-364 
dehydration mechanisms, 368-370 
silyl nitronate preparation, 114-117 
Nitroalkenes, [4-|-2] cycloaddition, 136-137 
Nitroindole compounds, mesoionic ring systems, 
miinchnone cycloaddition reactions, 
716-725 
Nitromethane 

alkyl nitronates, intermolecular cycloadditions, 
138-145 

silyl nitronate preparation, 114-117 



Nitronates 

alkyl nitronates 

acyclic nitronate preparation, 130-134 
acylation, 133-134 
alkylation, 130-132 
applications, 154-158 
cyclic nitronate preparation, 134-137 
alkylation, 134-136 
nitroalkene [4 + 2] cycloaddition, 
136-137 

radical cyclization, 137 
cycloadditions, 138-153 
facial selectivity, 146-148 
intermolecular, 138-145 
intramolecular, 148-153 
nitroso acetal functionalization, 153-154 
structural properties 
bonding, 96-97 

nitroso acetals, spectroscopic data, 
102-105 

spectroscopic data, 97-102 
stability, 95-96 
asymmetric reactions 
chiral auxiliaries, 863 
diastereoselectivity, chiral dipoles, 

822-829 

intramolecular cycloadditions, 845-848 
classification, 84-86 
future research, 159 
general reactivity, 105-114 
regioselectivity, 108-110 
stereoselectivity, 111-114 

intermolecular cycloadditions, 111-112 
intramolecular cycloadditions, 112-114 
mechanisms, 114 
silyl nitronates 

applications, 127-130 
cycloadditions, 117-125 
facial selectivity, 120-123 
intermolecular cycloadditions, 117-120 
intramolecular cycloadditions, 123-125 
nitroso acetal functionalization, 125-127 
preparation, 114-117 
structural properties 
bonding, 87-88 
exchange mechanisms, 90-93 
nitroso acetals, spectroscopic data, 93-95 
spectroscopy, 88-90 
stability, 86-87 
Nitrones 

asymmetric reactions 

catalytic asymmetric 1,3-dipolar 
cycloadditions, 866-882 
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chiral auxiliaries, 858-859 
diastereoselectivity, chiral dipoles, 822-829 

1,3-dipolar cycloadditions, 819-822 
catalytic reactions, 864-866 
chiral auxiliaries, 861-863 
intramolecular cycloadditions, 845-848 
cycloaddition reactions 

1,2-dipolar cycloaddition, 1-3 
catalytic cycloadditions, 34 
isoxazolidines, 47-68 

1,3-APT process, 48-54 
intermolecular reactions, 59-68 
intramolecular cycloadditions 
nitrone-alkene (INAC), 55-59 
oxime-olefin, 54—55 
lactams, 8-11 

natural product formation, 3 
nucleosides, 4-8 
peptides and amino acids, 18-23 
pyrrolidines, piperidines, and amines, 

34^7 

quinolizidines, indolizidines, and 
pyrrolizidines, 12-18 
sugars, 24-29 

sulfur- and phosphorus-containing 
compounds, 29-33 
diastereoselective reactions 
a,p-amides, 853-857 
a,p-unsaturated esters, 852-853 

1,3-dipolar cycloaddition reactions, external 
reagents 

magnesium ion-mediated reactions, 797-801 
reaction mechanisms, 794-795 
titanium ion-mediated reactions, 795-797 
transesterification-dipolar cycloadditions, 
801-804 

Nitrosation compounds, mesoionic ring systems, 
sydnone synthesis, 696 

Nitroso acetals 
alkyl nitronates 

applications, 154-158 
functionalization, 153-154 
spectroscopic data, 102-105 
silyl nitronates 

functionalization, 125-127 
spectroscopic data, 93-95 
thiocarbonyl ylides, five-membered rings, 
34^345 

Nonactin, silyl nitronates and formation of, 130 

Nonmetallocarbenoid precursors, carbonyl ylide 
synthesis, 306-309 

Nonstable carbenes, carbonyl ylide generation, 
259-262 



Norborene, nitrile oxide cycloadditions 

magnesium ion-mediated reactions, 787-788 
magnesium ion-mediated reactions, kinetic data, 
784-786 

Nuclear overhauser effect (NOE) experiments, 
mesoionic ring systems, miinchnone 
cycloaddition reactions, 715-725 

Nucleophile reactions 

azomethine ylide generation, 181-192 
nitrile imines, 527—530 
nitrile ylides, 526-527 

Nucleosides, nitrone 1,3-dipolar cycloadditions, 
4-8 

0-allyl carbohydrates, nitrone 1,3-dipolar 
cycloadditions, sugars, 28-29 

Olefins. See also Alkenes. 

acyclic nitronate preparation, trinitromethane 
derivatives, 132-133 

alkyl nitronate intermolecular cycloadditions, 
141-145 

azide 1,3-dipolar cycloadditions 

diene natural product synthesis, 664-671 
heterocyclic synthesis, 627-637 

double-bonded diene conjugation, 637-639 
natural synthesis, 651-664 
azomethine ylide generation 

intramolecular cycloadditions, 23 1-237 
metal-mediated reactions, 240-248 
monosubstituted compounds, 182-192 
silicon protocols, 177—181 
carbonyl ylide structures 

enantioselective synthesis, 298-302 
epoxide generation, 267-269 
oxidopyrylium ion cycloadditions, 303-305 
diazoalkane cycloaddition reactions 
intramolecular cycloadditions, 592-601 
C=C bonds, 598-601 
reactivity and regioselectivity, 541-543 
mesoionic ring systems 

miinchnone cycloaddition reactions, 

710-725 

sydnone cycloadditions, 735-738 
thioisomiinchnone cycloaddition reactions, 
739-742 

nitrile imine intramolecular cycloadditions, 
three-atom tethers, 512-513 
nitrile oxide cycloadditions 

achiral olefins, chiral auxiliaries, 393-399 
chiral dipolarophiles, 386-393 
chiral nitrile oxides, 400^06 
dipolarophile/dipole relative reactivity, 
376-380 
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Olefins (Continued) 

intermolecular cycloadditions, “aldol” ring 
cleavage 

achiral nitrile oxides-achiral olefins, 
418^19 

achiral nitrile oxides-chiral olefins, 
419^24 

chiral nitrile oxides-achiral olefins, 
424^25 

chiral nitrile oxides-chiral olefins, 425 
intramolecular cycloadditions, 410^16 
regioselectivity, 380-385 
silyl nitronates, intramolecular cycloadditions, 
123-125 

thiocarbonyl ylide structures, thiophene 

derivatives, five-membered ring structure, 
331-339 

Oligomeric isoxazolidines, intermolecular nitrone 
cycloaddition reactions, 67-68 
Oligosaccharides, azide 1,3-dipolar 

cycloadditions, fullerene heterocyclic 
synthesis, 646-649 
One-pot procedures 

nitrile imines, transient formation, 493^94 
nitrile oxide generation, 367-368 
Organomercurial compounds, carbonyl ylide 
generation, 259-262 

Organometallics, nitrile oxide generation, 
dehydrohalogenation, 367 
Oxacyclic compounds, carbonyl ylides, 
cycloaddition, directed syntheses, 

278-284 

Oxadiazolines, carbonyl ylide generation, 262-263 
Oxamiinchnones, mesoionic ring systems 
cycloaddition reactions, 742 
synthesis, 699-700 

l,3,2-Oxathiazolium-5-olates, mesoionic ring 
systems, cycloadditions, 745 

1 .3- Oxathiolan-5-ones 

thiocarbonyl ylides, thiophene derivatives, five- 
membered ring structure, 337-339 
thiocarbonyl ylide structures 

1,5-dipolar electrocyclization, five-membered 
heterocycles, 346-350 
cycloreversion reactions, 319-320 
heterocyclic synthesis, 339-343 

1.3- Oxathiolium-4-olates, mesoionic ring systems, 

cycloaddition reactions, 744 
Oxazoles, nitrile ylide electrocyclizations, 
519-520 
Oxazolidinone 

azomethine ylide intramolecular cycloadditions, 
230-237 



diastereoselective reactions, a,p-amides, 857 
mesoionic ring systems, isomiinchnone 
cycloadditions, 731-735 
Oxazolidinone derivatives, catalytic asymmetric 
nitrone reactions, 873-882 
Oxazolines 

azomethine ylide generation, 181-192 
flash vacuum thermolysis, 183-192 
indoloquinone construction, 237-239 
intermolecular nitrone cycloaddition reactions, 
62-68 

Oxazolones, nitrile imine cycloadditions, five- 
membered rings, 508-509 
Oxazolonium salts, mesoionic ring systems, 
munchnone synthesis, 683-687 
Oxidopyrylium ion, carbonyl ylide cycloadditions, 
302-305 
Oximes 

acyclic nitronate preparation, 131-132 
diazoalkane cycloadditions, C=N bonds, 
558-559 

halogenation, nitrile oxide generation, 

365-368 

intramolecular oxime-olefin cycloaddition 
(lOOC), 54-55 

nitrile oxide intermolecular cycloadditions, 
chiral nitrile oxides to chiral olefins, 425 
nitrile oxide intramolecular cycloadditions 
“aldol” ring cleavage, isoxazoline 
intermediates, 446^52 
polycyclic isoxazolines and furoxans, 
437^39 

nitrone 1,3- APT cycloaddition, isoxazolidines, 
48-54 

nitrone cycloadditions, reaction mechanisms, 
795 

nitrone transesterification-dipolar 
cycloadditions, 802-804 
nitroso acetal functionalization, 126-127 
silyl nitronates, spectroscopic data, 90 
Oxirane geometry 

carbonyl ylide, epoxide generation, 264—269 
nonmetallocarbenoid/metallocarbenoid 
syntheses, 308-309 
thiocarbonyl ylide structures, 317 
Oxo-Brevicomin analogue, carbonyl ylide directed 
syntheses, [l,3]-dipolar cycloadditions, 
279-284 

Oxotetrahydroindoles, azomethine ylide 

intramolecular cycloadditions, 236-237 
Oxygen compounds, mesoionic ring systems, 
munchnone cycloaddition reactions, 
721-725 
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Padwa’s intermediate complex, nitrile ylide 

structure, [2 + 3]-cycloaddition reactions, 
497-502 

Palladium complexes, catalytic asymmetric 
nitrone reactions, 877-882 
Papuamine compounds, nitrile oxide 
intramolecular cycloadditions, 
aminoalcohol reduction, 455^58 
Peptides 

mesoionic ring systems, miinchnone synthesis, 
683-687 

nitrone 1,3-dipolar cycloadditions, 18-23 
Pestalotin compounds, nitrile oxide intermolecular 
cycloadditions, achiral nitrile oxides to 
chiral olefin, 422^24 
Phenols, thiocarbonyl ylide intermolecular 
reactions, 327-328 

3 -Phenyl propionaldehyde, azomethine ylide 
generation, 187-192 
Phenyl allyl ethers, azomethine ylide 

intramolecular cycloadditions, 23 1-237 
Phenyl compounds, azide 1,3-dipolar 

cycloadditions, heterocyclic synthesis, 
631-637 

Phenylglyoxylic acid, azomethine ylide 1,3- 

dipolar cycloadditions, external reagents, 
A^-alkylideneglycinates, 758-759 
Phenylisocyanate, thiocarbonyl ylides, 
heterocyclic synthesis, 342-343 
(-)-8-Phenylmenthyl, chiral ylides, stereocontrol, 
203-208 

A^-Phenyl-l,2,4-triazoline-3,5-dione (PTAD), 

mesoionic ring systems, thioisomunchnone 
cycloaddition reactions, 739-742 
A-Phenylmaleimide 

azomethine ylide generation, silicon protocols, 
175-181 
carbonyl ylides 

akaloid preparation, 285-292 
nonstabilized carbene generation, 260-262 
chiral ylides, stereocontrol, 203-208 
mesoionic ring systems 
isomunchnones 

cycloadditions, 727-735 
synthesis, 688-695 

miinchnone cycloaddition reactions, 709-725 
sydnone cycloadditions, 737-738 
A-(Phenylsulfonyl)imines, mesoionic ring 
systems, miinchnone cycloaddition 
reactions, 721-725 

Phenyloxazine compounds, carbonyl ylides, 
alkaloid preparation, 286-292 
Phorbol compounds 



carbonyl ylide generation 

directed syntheses, [l,3]-dipolar 
cycloadditions, 280-284 
oxidopyrylium ion cycloadditions, 302-305 
nitrile oxide intramolecular cycloadditions, 
isoxazoline intermediates, “aldol” ring 
cleavage, 452^53 
Phosphaalkenes 

diazoalkane cycloadditions, carbon-heteroatom 
C=P bonds, 559-567 
mesoionic ring systems 

1 ,3-dithiolium-4-olate cycloadditions, 
742-744 

isomiinchnone cycloadditions, 726-735 
miinchnone cycloaddition reactions, 722-725 
sydnone cycloadditions, 738 
Phosphaalkynes, diazoalkane cycloaddition 
reactions, 587-592 
Phosphate compounds 

azomethine ylide intramolecular cycloadditions, 
231-237 

nitrile ylide structure, 475 
N-Phosphino derivative, nitrile imine 
cycloadditions, 504 

Phosphonium salts, mesoionic ring systems, 
miinchnone cycloaddition reactions, 
712-725 

Phosphorus compounds 

diazoalkane cycloaddition reactions 
P=X bonds, 576-578 
triple bond systems, 587-592 
nitrone 1,3-dipolar cycloadditions, 29-33 
phosphorus ylides, azide 1,3-dipolar 

cycloadditions, heterocyclic synthesis, 
645-646 

Photoacoustic calorimetry (PAC), nitrile ylides, 
carbene generation, 487—488 
Photoinduced electron transfer (PET), nitrile ylide 
azirine photolysis, 489—490 
Phyllanthocin, nitrile oxide intermolecular 

cycloadditions, achiral nitrile oxides to 
chiral olefin, 420^24 
Picryl compounds, azide 1,3-dipolar 

cycloadditions, heterocyclic synthesis, 
634-637 

Pinnaic acid, nitrone 1,3-dipolar cycloadditions, 

39^7 

TT-bonds, mesoionic ring systems, isomiinchnone 
cycloadditions, 732-735 
Piperidines 

asymmetric diastereoselectivity, nitrone/ 
nitronate chiral dipoles, 828-829 
nitrone 1,3-dipolar cycloadditions, 34—47 
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PM3 calculations, nitronate structures, 
regioselectivity, 108-110 
Polycyclic systems 

azomethine ylide intramolecular cycloadditions, 
decarboxylative/amino ester condensation 
protocols, 228-237 

carbonyl ylides, tropolone and benzotropolone 
formation and reactivity, 297-298 
mesoionic ring systems, isomiinchnone 
cycloadditions, 728-735 
nitrile oxide intramolecular cycloadditions, 
437-439 

thiocarbonyl ylide generation, thiophene 

derivatives, five-membered ring structure, 
336-339 

Polyfluorinated esters, mesoionic ring systems, 
miinchnone cycloaddition reactions, 
703-725 

Polyoxamic acid, chiral ylides, asymmetric 
reactions, 214-218 

Polyoxins, nitrone 1,3-dipolar cycloadditions, 
nucleoside antibiotics, 4-8 
(+)-Preussin, nitrone 1,3-dipolar cycloadditions, 
35-36 

Proline derivatives 

asymmetric diastereoselectivity 
azomethine ylides, 829-833 
nitrone/nitronate chiral dipoles, 

826-829 

carbonyl ylide generation, 276-278 
mesoionic ring systems, miinchnone 
cycloaddition reactions, 705-725 
nitrile oxide cycloadditions 
achiral olefins, 395-399 
intermolecular cycloadditions, imino acids 
and polyols, 434^37 
Propargyl-like structure 
nitrile imines, 478 
nitrile ylides, 475 

Prostaglandins, nitrile oxide intramolecular 

cycloadditions, “aldol” ring cleavage, 
isoxazoline intermediates, 440-445 
Protoanemonin-based compounds, azomethine 
ylide generation, intramolecular 
cycloadditions, 229-237 
Proton nuclear magnetic resonance (*H NMR) 
alkyl nitronates, 99-102 
nitroso acetals, 103-105 
silyl nitronates 

nitroso acetals, 93-95 
spectroscopic data, 88-93 
thiocarbonyl ylide intramolecular reactions, 
325-326 



P=S bonds, diazoalkane cycloaddition reactions, 
577-578 

Pseudodistomins, nitrone 1,3-dipolar 
cycloadditions, 34-35 
Pseudolaric acids, carbonyl ylide directed 

syntheses, [l,3]-dipolar cycloadditions, 
282-284 

Ptaquiloside compounds, carbonyl ylide 
preparation, 292-294 

Pterosin compounds, carbonyl ylide preparation, 
292-294 

Ptilomycalin, nitrone 1,3-dipolar cycloadditions, 
44^7 

Pulsed-laser photolysis, nitrile ylides 
azirine interconversions, 488^90 
[2 -|- 3]-cycloaddition reactions, 496-502 
Pummerer reaction, isomiinchnone cycloaddition, 
734-735 
Push-pull ylides 
carbonyl ylides 

alkaloid preparation, 287-292 
amide/urea derivation, 276-278 
epoxide generation, 265-269 
thiocarbonyl ylide structures, 317-318 

1,5-dipolar electrocyclization, five-membered 
heterocycles, 350 

P=X bonds, diazoalkane cycloaddition reactions, 
heteroatom-heteroatom bonding, 

576-578 

Pycnidione, carbonyl ylides, tropolone and 

benzotropolone formation and reactivity, 
297-298 

Pyranoses, azide 1,3-dipolar cycloadditions, 
alkyne/nitrile synthesis, 675-676 
Pyrazines, nitrile imine cycloadditions, six- 
membered rings, 509-510 
Pyrazoles, sydnone cycloadditions, 735-738 
Pyrazolines 

diastereoselective reactions, a,p-amides, 
855-857 

diazoalkane cycloaddition reactions, dipole 
structures, 543-549 

diazoalkane cycloadditions, carbon-heteroatom 
C=P bonds, 560-567 
nitrile imine cycloadditions, 506-507 
Pyrenophorin, nitrile oxide intermolecular 

cycloadditions, achiral nitrile oxides to 
chiral olefin, 424^25 
Pyridine compounds 

azide 1,3-dipolar cycloadditions, heterocyclic 
synthesis, 636-637 
mesoionic ring systems, miinchnone 
cycloaddition reactions, 701-725 
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nitrile imine cycloadditions, six-membered 
rings, 509-510 
Pyridones 

azomethine ylide generation, asymmetric 
reaction, 197-200 
mesoionic ring systems 
isomiinchnones 

cycloadditions, 729-735 
synthesis, 693-695 

thioisomiinchnone cycloaddition reactions, 
739-742 
Pyrimidines 

azide 1,3-dipolar cycloadditions, alkyne/nitrile 
reactions, 642-644 

mesoionic ring systems, isomiinchnone 
cycloadditions, 730-735 
nitrile imine cycloadditions, six-membered 
rings, 509-510 

Pyrinodenims, intramolecular nitrone-alkene 
cycloadditions (INAC), 59 
Pyroglutamates, azomethine ylide metal-mediated 
reactions, 241-248 
Pyrone compounds, carbonyl ylides, 

oxidopyrylium ion cycloadditions, 305 
Pyrrole compounds 

(A-alkylideneamino)acetonitriles, irreversible 
metalation, 763 
mesoionic ring systems 

mtinchnone cycloaddition reactions, 701-725 
miinchnone synthesis, 685-687 
Pyrrolidines 

asymmetric diastereoselectivity, nitrone/ 
nitronate chiral dipoles, 826-829 
azide 1,3-dipolar cycloadditions, natural 
synthesis, 651-664 

nitrone 1,3-dipolar cycloadditions, 34—47 
Pyrrolizidines 

azide 1,3-dipolar cycloadditions, diene double 
bond reactions, 667-671 
azomethine ylide generation, silicon protocols, 
176-181 

nitrone 1,3-dipolar cycloadditions, 12-18 
Pyrrolizines, mesoionic ring systems, miinchnone 
cycloaddition reactions, 700-725 
Pyrrolo[3,4-c]pyridine, azide 1,3-dipolar cyclo- 
additions, heterocyclic synthesis, 624-637 
Pyruvic acid, azomethine ylide 1,3-dipolar 
cycloadditions, external reagents, 
A-alkylideneglycinates, 758-759 

Quinocarcin compounds, azide 1,3-dipolar 

cycloadditions, natural product synthesis, 
658-664 



Quinolines, nitrile imine cycloadditions, six- 
membered rings, 509-510 

Quinolizidines, nitrone 1,3-dipolar cycloadditions, 
12-18 

Radical cyclization, cyclic alkyl nitronates, 137 

Regioselectivity 

azomethine ylide generation, 182-192 
metal-mediated reactions, 241-248 
carbonyl ylide structures, epoxide generation, 
265-269 

[4 + 2] cycloaddition, nitroalkenes, 136-137 
diazoalkane cycloaddition reactions, 541-543 
1,3-dipolar cycloadditions 

asymmetric reactions, 818-822 
external reagents, 756-757 

a-(alkylideneamino)esters, reversible 
metalation, 767-768 
mesoionic ring systems 

isomiinchnone synthesis, 692-695 
miinchnone cycloaddition reactions, 

715-725 

thioisomiinchnone cycloaddition reactions, 
739-742 

nitrile imine cycloadditions, 505-507 
nitrile oxide cycloadditions 
antibody catalysis, 791-792 
chiral dipolarophiles, 386-393 
external reagents, 779-794 
inclusion complex mediation, 790-793 
intramolecular cycloadditions, 407^10 
magnesium ion-mediated reactions, 

780-782 

olefin structures, 380-385 
nitrile ylide 

[2 + 3]-cycloaddition reactions, 498-502 
synthon formation, 479^85 
nitronate structures, 108-110 
nitrone 1,3-dipolar cycloadditions 

magnesium ion-mediated reactions, 797-801 
titanium ion-mediated reactions, 796-797 
thiocarbonyl ylide structures 
heterocyclic synthesis, 341—343 
thiophene derivatives, five-membered ring 
structure, 332-339 

Reissert compounds, mesoionic ring systems, 
miinchnone cycloaddition reactions, 
723-725 

Relative reactivity, nitrile oxide cycloadditions, 
dipolar/dipolarophile mehcanism and 
relativity, 376-380 

Resin compounds, intermolecular nitrone 
cycloaddition reactions, 66-68 




934 



Index 



(+)-Retronecine, chiral ylides, stereocontrol, 
202-208 

Rhodium catalytic compounds 

azomethine ylide generation, 184-192 
carbonyl ylide generation 
aldehyde derivation, 274 
alkaloid preparation, 287-292 
asymmetric reactions, 886-888 
directed syntheses, [l,3]-dipolar 
cycloadditions, 278-284 
enantioselective synthesis, 300-302 
ketone derivation, 270-273 
diazoalkane ketocarbene dipoles, 605-609 
mesoionic ring systems 
isomiinchnones 

cycloadditions, 727-735 
synthesis, 688-695 
thioisomiinchnones 

cycloaddition, 740-742 
synthesis, 697-698 
thiocarbonyl ylides, 1,5-dipolar 

electrocyclization, five-membered 
heterocycles, 347-350 

Ribasine compounds, carbonyl ylide alkaloid 
preparation, 291-292 
Ribavarin compounds, azide 1,3-dipolar 
cycloadditions 

alkyne/nitrile reactions, 643-644 
phosphorus ylide reactions, 645-646 
Ring structure 

azide 1,3-dipolar cycloadditions, heterocyclic 
synthesis, 625-637 
nitrile oxide generation 

dipolarophile/dipole relative reactivity, 
376-380 

intermolecular cycloadditions 
“aldol” ring cleavage, 417^25 
achiral nitrile oxides/achiral olefins, 
418^19 

achiral nitrile oxides/chiral olefins, 
419^24 

chiral nitrile oxides/achiral olefins, 
424^25 

chiral nitrile oxides/chiral olefins, 425 
aminoalcohol ring cleavage, 425^31 
intramolecular cycloadditions 

intermediate isoxazoline ring cleavage, 
439^54 

regioselectivity, 407—410 
nitrile ylides, electrocyclizations, 
diene-conjugated compounds, 

522-524 

thiocarbonyl ylide heterocyclic synthesis 



three-membered thiirane rings, 329-331 
five-membered rings 

1,3-dithiolanes, 1,3-oxathioanes, and 1,3- 
thiazole derivatives, 339-343 
1,5-dipolar electrocyclization, 345-350 
heteroatoms, 344-345 
thiophene derivatives, 331-339 
six-membered rings, 351 
seven-membered rings, 351-355 
Ring structures, mesoionic ring systems 
classification, 681-682 
cycloaddition reactions 

1.3- dithiolium-4-olates, 742-744 
isomiinchnones, 725-735 
miscellaneous mesoionic heterocycles, 

745-746 

miinchnones, 700-725 

1.3- oxathiazolium-5-olates, 745 

1.3- oxathiolium-4-olates, 744 
oxamiinchnones, 742 
sydnones, 735-738 

1.3- thiazolium-4-thiolates, 742 
thioisomiinchnones, 739-742 
thiomiinchnones, 738 

synthesis 

isomiinchnones, 687-695 
miinchnones, 682-687 
oxamiinchnones, 699-700 
sydnones, 696 

1 .3- thiazolium-4-thiolates, 698-699 
thioisomiinchnones, 697-698 
thiomiinchnones, 696-697 

Samarium compounds 

azomethine ylide metal-mediated reactions, 
242-248 
carbonyl ylides 

nonmetallocarbenoid/metallocarbenoid 
syntheses, 307-309 

nonstabilized carbene generation, 260-262 
Sarain-A, azomethine ylide generation, 

intramolecular cycloadditions, 220-227 
Sarkomycin derivatives, nitrile oxide 

intramolecular cycloadditions, “aldol” 
ring cleavage, isoxazoline intermediates, 
440^45 

Schonberg reaction, diazoalkane cycloadditions, 
carbon-heteroatom C=S double bonds, 
570-575 

Selenide cyclization, nitrone 1,3-APT 
cycloaddition, 52-54 
Selenoketones, diazoalkane cycloaddition 
reactions, 575-576 
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Semiempirical calculations, nitronate structures, 
regioselectivity, 108-110 
Sesquiterpenoid products 

carbonyl ylide preparation, 292-294 
diazoalkane cycloaddition reactions, 

intramolecular cycloadditions, 595-601 
nitrile oxide intramolecular cycloadditions, 
“aldol” ring cleavage, isoxazoline 
intermediates, 443^45, 448^52 
Seven-membered rings 

diazoalkane intramolecular cycloadditions, 
595-601 

nitrile imine cycloadditions, 510 
five-atom tether, 514-515 
nitrile oxide intramolecular cycloadditions, 
isoxazoline intermediates, 452^53 
thiocarbonyl ylide heterocyclic synthesis, 
351-354 

Seyferth reagents, thiocarbonyl ylides, thiirane 
three-membered rings, 330-331 
(-)-Shikimic acid, intermolecular nitrone 
cycloaddition reactions, 65-68 
Silicon nuclear magnetic resonance (^^Si NMR), 
silyl nitronates, 91-93 

Silicon protocols, azomethine ylide generation, 
170-181 

intramolecular cycloadditions, 223-227 
Siloxyoazoles, mesoionic ring systems, 
miinchnone synthesis, 684-687 
Silver fluoride, azomethine ylide generation, 
silicon protocols, 170-181 
Silylated thioethers, thiocarbonyl ylide generation, 
1,3-elimination reactions, 320-321 
Silyl groups 

carbonyl ylide generation, 261—262 
nonmetallocarbenoid/metallocarbenoid 
syntheses, 308-309 
nitrile imine structure, 476^78 
nitrone 1,3-dipolar cycloadditions, lactam 
formation, 9-11 

a-Silylimidates, azomethine ylide generation, 
silicon protocols, 174-181 
A^-Silylmethyl thioureas, azomethine ylide 

generation, silicon protocols, 179-181 
Silyl nitronates 

applications, 127-130 
cycloadditions, 117—125 
facial selectivity, 120-123 
intermolecular cycloadditions, 117-120 
intramolecular cycloadditions, 123-125 
nitroso acetal functionalization, 125-127 
preparation, 114-117 
structural properties 



bonding, 87-88 

exchange mechanisms, 90-93 

nitroso acetals, spectroscopic data, 93-95 

spectroscopy, 88-90 

stability, 86-87 

A^-Silyloxy-isoxazolidine (XX), nitroso acetal 
functionalization, 125-127 
Silyloxy groups, zaragozic acid carbonyl ylide 
derivatives, 295-296 

Si=Si bonds, diazoalkane cycloaddition reactions, 
578 

Six-membered ring structures 

nitrile imine cycloadditions, 509-510 
four-atom tether, 513-514 
nitrile oxide intramolecular cycloadditions, 
“aldol” ring cleavage, isoxazoline 
intermediates, 445^52 
thiocarbonyl ylide heterocyclic synthesis, 351 
Skeleton rearrangements, thiocarbonyl ylide 
structures, 326 

Slaframine compounds, azide 1,3-dipolar 

cycloadditions, natural synthesis, 657-664 
N-Sodiated ylides, 0 '-(alkylideneamino)esters, 
reversible metalation, 765-768 
Sodium hypochlorite, nitrile oxide generation, 
oxime one-pot operations, 368 
Solid-phase synthesis, intermolecular nitrone 
cycloaddition reactions, 63-68 
Solvent effects, nitrile oxide cycloadditions, 
magnesium ion-mediated reactions, 
782-784 

Specionin, nitrile oxide intramolecular 

cycloadditions, “aldol” ring cleavage, 
isoxazoline intermediates, 442^43 
Spectroscopic data 

alkyl nitronates, 97-102 
silyl nitronates, 88-90 
exchange reactions, 90-93 
nitroso acetals, 93-95 
Spirocyclic nucleosides 

diazoalkane cycloaddition reactions, 546-549 
nitrone 1,3-dipolar cycloadditions, 7-8 
Spirocyclic ring systems, nitrone 1,3-dipolar 
cycloadditions, 37-47 
Spirocyclopropyl dipolarophiles 

isoxazolidines, intramolecular nitrone-alkene 
cycloadditions (INAC), 58-59 
nitrone 1,3-dipolar cycloadditions, 15-18 
Spiro epoxide, carbonyl ylide generation, 264-269 
Spiro mode intramolecular cycloadditions, alkyl 
nitronates, 152-153 

Spirooxindole compounds, carbonyl ylide 
cycloadditions, 284—292 
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Spiropyrazolines, diazoalkane cycloaddition 
reactions, 554-557 
Stability 

alkyl nitronates, 95-96 

nitrile imine generation mechanisms, 495^96 
cycloaddition reactions, 502-504 
silyl nitronates, 86-87 
Stereoselectivity 

asymmetric reactions, intramolecular 
cycloadditions, 845-848 
azomethine ylide 

intramolecular cycloadditions, aziridine 
precursors, 225-227 
metal-mediated reactions, 241-248 
chiral ylides, inherent molecular structure, 
200-208 

1,3-dipolar cycloadditions 

asymmetric reactions, 819-822 
external reagents, 756-757 

anti- selective Michael additions, 

768-771 

mesoionic ring systems, isomiinchnone 
cycloadditions, 729-735 
nitrile imine intramolecular cycloadditions, 
three-atom tethers, 512-513 
nitrile oxide cycloadditions 
achiral olefins, 393-399 
antibody catalysis, 791-792 
chiral dipolarophiles, 389-393 
diastereoselectivity, 386-406 
external reagents, 779-794 
intramolecular cycloadditions, 410^16, 
411-416 

nitrile ylide 1,3-dipolar cycloadditions, 

806-809 

nitronates, 111-114 

asymmetric reactions, intramolecular 
cycloadditions, 846-848 
intermolecular cycloadditions, 111-112 
intramolecular cycloadditions, 112-114 
mechanisms, 114 

nitrone 1,3-dipolar cycloadditions, magnesium 
ion-mediated reactions, 797-801 
nitroso acetal functionalization, 126-127 
silyl nitronates, applications, 128-130 
Steric hindrance 

nitrile oxide cycloadditions, olefin 
regioselectivity, 381-385 
silyl nitronates 

facial selectivity, 121-123 
intermolecular cycloadditions, 119-120 
thiocarbonyl ylide heterocyclic synthesis, seven- 
membered ring structure, 351—354 



Streptazolin, nitrile oxide intramolecular 

cycloadditions, “aldol” ring cleavage, 
isoxazoline intermediates, 443^45 

Sugars 

asymmetric reactions, 1,3-dipolar 

cycloadditions, chiral auxiliaries, 862-863 
nitrile oxide intermolecular cycloadditions, 
425^31 

nitrone 1,3-dipolar cycloadditions, 24-29 

A^-Sulfinylamines, thiocarbonyl ylides, 

heteroatoms, five-membered rings, 
344-345 

Sulfur compounds 

azomethine ylide generation 
asymmetric reaction, 196-200 
intramolecular cycloadditions, 233-237 
nitrone 1,3-dipolar cycloadditions, 29-33 
thiocarbonyl ylide generation 

cycloreversion reactions, 319-320 
heteroatoms, five-membered rings, 344-345 
thiocarbonyl ylides, thiirane three-membered 
rings, 330-331 

Sultam-derived dipolarophiles 

azomethine ylides, asymmetric reaction, 
199-200 

chiral ylides, asymmetric templates and 
auxiliaries, 208-218 
diastereoselective reactions, a,p-amides, 
853-857 

1,3-dipolar cycloadditions, chiral auxiliaries, 
860-863 

nitrile oxide cycloadditions, achiral olefins, 
394-399 
silyl nitronates 

applications, 128-130 
facial selectivity, 122-123 

Superdipolarophiles, thiocarbonyl ylides 
heterocyclic synthesis, 339-343 
intermolecular reactions, 327 

Swainsonine, azide 1,3-dipolar cycloadditions, 
natural synthesis, 652-664 

Sydnones, mesoionic ring systems 
cycloaddition reactions, 735-738 
munchnone cycloaddition reactions, 703-725 
synthesis, 696 

Synthon formation, nitrile ylides, 479^85 

TADDOL ligands, catalytic asymmetric nitrone 
reactions, 875-882 

Talaromycin B, nitrile oxide intermolecular 
cycloadditions, “aldol” ring cleavage, 
isoxazoline intermediates, achiral nitrile 
oxides-achiral olefins, 418^19 
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Tandem coupling-cyclization 
alkyl nitronates 

applications, 154-158 
facial selectivity, 146-148 
intermolecular cycloadditions, 144-145 
azomethine ylide generation, 233-237 
carbonyl ylide generation 

[l,3]-dipolar cycloaddition, 278-284 
enantioselective synthesis, 298-302 
ketone derivation, 270-273 
cyclic nitronate preparation, 135-136 
mesoionic ring systems, miinchnone 
cycloaddition reactions, 720-725 
nitrone transesterification-dipolar 
cycloadditions, 801-804 

Tandem intermolecular-intramolecular synthesis 
mesoionic ring systems, sydnone 
cycloadditions, 737-738 
nitrile imines 

cycloadditions, 516-517 
five-atom tether, 514-515 
transient formation, 493—494 

Taxol precursors 

carbonyl ylides, oxidopyrylium ion 
cycloadditions, 303-305 
intramolecular nitrile oxide cycloadditions, 
437^39 

Telluroketones, diazoalkane cycloaddition 
reactions, 576 

r^rr-butylphosphaacetylene, diazoalkane 

cycloaddition reactions, phosphaalkynes, 
589-592 

Testosterone, nitrile oxide intramolecular 

cycloadditions, “aldol” ring cleavage, 
isoxazoline intermediates, 450-452 

Tethered structures, nitrile imine intramolecular 
cycloadditions, 511-516 
three-atom tether, 512-513 
four-atom tether, 513-514 
five-atom tether, 514-515 
six-or-greater atom tether, 515-516 

2.2.6.6- Tetramethyl- 1 -piperidinoxyl (TEMPO), 
nitrone 1,3-dipolar cycloadditions, 
nucleoside antibiotics, 5-8 

3 .4.5.6- Tetrahydro- \H- 1 ,4-oxazin-2-one, chiral 
ylides, 209-218 

Tetrafiuoroborate salt, acyclic nitronate 
preparation, 130-132 

Tetrahydrofuran (THE) derivatives 

(A^-alkylideneamino)acetonitriles, irreversible 
metalation, 761-763 
carbonyl ylide generation, 274 
carbonyl ylide structures, 256-259 



nonstabilized carbene generation, 259-262 
nitrile oxide cycloadditions, magnesium 
ion-mediated reactions, 782-784 
Tetrahydropyridine A^”Oxide, nitrone 1,3-dipolar 
cycloadditions, 30-33 
Tetrakis(binaphtholphosphate)dirhodium, 

diazoalkane ketocarbene dipoles, 606-609 
Tetramethylsilane (TMS), nitrile ylide synthons, 
482^85 

Tetrazole compounds 

azide 1,3-dipolar cycloadditions, alkyne/nitrile 
reactions, 644 

diazoalkane cycloaddition reactions, 

heteroatom-heteroatom triple bonds, 
586-587 

1,-3-Thiazine derivatives, thiocarbonyl ylide 
heterocyclic synthesis, 351 

1.3- Thiazole derivatives, thiocarbonyl ylide 

structures, heterocyclic synthesis, 339-343 

1.3- Thiazolium-4-thiolates, mesoionic ring systems 
cycloadditions, 742 

synthesis, 698-699 

Thiazolidine-4-carboxylic acid, azomethine ylide 
intramolecular cycloadditions, 228-237 
Thiazolyl nitrones, 1,3-dipolar cycloadditions, 33 
(+)-Thienamycin, nitrone 1,3-dipolar 

cycloadditions, lactam formation, 9-11 
Thiiranes 

diazoalkane cycloaddition reactions, carbon- 
heteroatom C=S double bonds, 574-575 
thiocarbonyl ylide structures, 316 
three-membered rings, 329-331 

1,4-hydrogen shift, 325-326 
intramolecular electrocyclizations, 324-325 
Thiobenzophenone compounds, thiocarbonyl ylide 
structures, 318 
Thiocamphor 

thiocarbonyl ylide intermolecular reactions, 
327-328 

thiocarbonyl ylide intramolecular reactions, 1,4- 
hydrogen shift, 325-326 
Thiocarbonyl ylides 
chemical behavior 

intermolecular reactions, 326-329 

1.3- addition reactions, 327-328 
[3 + 2] cycloadditions, 326-327 
dimerization reactions, 328-329 

intramolecular reactions, 324-326 
electrocyclizations, 324-325 

1.4- hydrogen shift, 325-326 
skeleton rearrangements, 326 

diastereoselective reactions, a,p-amides, 
855-857 
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Thiocarbonyl ylides (Continued) 
generation, 319-324 

carbene/carbenoid additions, 322-324 
cycloreversion reactions, 319-320 

1,3-elimination reactions, 320-321 
thioether photochemical rearrangement, 324 
thioxonium salts, deprotonation, 321-322 
heterocyclic synthesis 

three-membered thiirane rings, 329-331 
five-membered rings 

1,3-dithiolanes, 1,3-oxathioanes, and 

1,3-thiazole derivatives, 339-343 
1,5-dipolar electrocyclization, 345-350 
heteroatoms, 344-345 
thiophene derivatives, 331-339 
six-membered rings, 351 
seven-membered rings, 351-355 
nitrile imine cycloadditions, double bonds, 
510-511 

structural properties, 316-318 
Thioethers 

nitrile oxide cycloadditions, intramolecular 
cycloadditions, 411^16 
thiocarbonyl ylide generation 

three-membered thiirane rings, 329-331 

1,3-elimination reactions, 320-321 
thiocarbonyl ylides, photochemical 
rearrangement, 324 
Thioisomiinchnones 
mesoionic ring systems 

cycloaddition reactions, 739-742 
synthesis, 697-698 
thiocarbonyl ylide generation, 322 

thiophene derivatives, five-membered ring 
structure, 334-339 

Thioketones, diazoalkane cycloadditions, carbon- 
heteroatom C=S double bonds, 

570- 575 

Thiomiinchnones, mesoionic ring systems 
cycloaddition reactions, 738 
synthesis, 696-697 

Thionitrile ylides, synthon formation, 483^85 
Thiophene derivatives 

mesoionic ring systems, l,3-dithiolium-4-olate 
cycloadditions, 742-744 
nitrile imine intramolecular cycloadditions, 
three-atom tethers, 512-513 
thiocarbonyl ylide heterocyclic synthesis 

1,5-dipolar electrocyclization, five-membered 
heterocycles, 348-350 
five-membered ring structure, 331-339 
Thiopivaldehyde, diazoalkane cycloadditions, 
carbon-heteroatom C=S double bonds, 

571- 575 



Thiourea compounds, thiocarbonyl ylide 
structures, 317 

Thioxonium salts, thiocarbonyl ylide generation 
deprotonation, 321-322 
skeletal rearrangements, 326 
Three-atom tethers, nitrile imine intramolecular 
cycloadditions, 512-513 

Three-membered ring structure, thiocarbonyl ylide 
heterocyclic synthesis, thiirane rings, 
329-331 

Tigliane diterpenes, carbonyl ylide directed 

syntheses, [l,3]-dipolar cycloadditions, 
280-284 

Titanium compounds 

azomethine ylide metal-mediated reactions, 
245-248 

catalytic asymmetric nitrone reactions, 872-882 
nitrone 1,3-dipolar cycloadditions, titanium ion- 
mediated reactions, 795-797 
titanium ylides, a-(alkylideneamino)esters, 
reversible metalation, 767-768 
A^-Tosylation, azomethine ylide generation, chiral 
dipolarophiles, asymmetric reaction, 
193-200 

Tosylhydrazone sodium salts, diazoalkane 

intramolecular cycloadditions, 595-601 
Tosylimines, mesoionic ring systems, miinchnone 
cycloaddition reactions, 721—725 
Tosyl oxazaborolidinones, 1,3-dipolar 

cycloadditions, catalytic asymmetric 
nitrone reactions, 867-882 
7’ran.s'-2-methylene-l,3-dithiolane, nitrone 1,3- 
dipolar cycloadditions, 31-33 
Transesterification-dipolar cycloadditions, nitrone 

1,3-dipolar cycloadditions, 801-804 
Trehazolin, nitrile oxide intramolecular 

cycloadditions, “aldol” ring cleavage, 
isoxazoline intermediates, 441^45 
Triazoles 

azide structural properties, 623-624 
diazoalkane cycloaddition reactions, 
heterocumulenes, 580-581 
mesoionic ring systems, sydnone 
cycloadditions, 736-738 
Triazolines, diazoalkane cycloadditions, C=N 
bonds, 558-559 

Triazolines, mesoionic ring systems, 

thioisomiinchnone cycloaddition reactions, 
739-742 

Tricyclic structures, nitrile oxide intramolecular 
cycloadditions, “aldol” ring cleavage, 
isoxazoline intermediates, 442^45 
Triene-conjugated nitrile ylides, 

electrocyclizations, 524-525 




Index 



939 



Triethylamine, azomethine ylide 1,3-dipolar 
cycloadditions, external reagents 
a-(alkylideneamino)esters, reversible 
metalation, 763-768 

anti-selective Michael additions, 768-771 
enantiopure camphor imines, asymmetric 
Michael additions, 775-778 

Trifluoroacetylacetonitrile, nitrile imine 
nucleophile reactions, 529-530 

Trifluoromethyl compounds 

carbonyl ylide structures, 258-259 
diazoalkane cycloaddition reactions, alkyne 
triple-bond systems, 584-586 
nitrile oxide intermolecular cycloadditions, 
achiral nitrile oxides to chiral olefin, 
42^25 

Trihydroxyheliotridane-6,7-0-acetonide, azide 
1,3-dipolar cycloadditions, diene double 
bond reactions, 667-671 

Trimethylsilyl chloride (TMSCl), silyl nitronate 
preparation, 115-117 

Trimethylsilyl methane compounds, diazoalkane 
cycloaddition reactions, alkyne triple-bond 
systems, 584—586 

Trinitromethane, acyclic nitronate preparation, 
132-133 

Triple-bond systems, diazoalkane cycloaddition 
reactions, 581-592 
alkynes, 581-586 

heteroatom-heteroatom triple bonds, 

586-587 

intramolecular C=C bonds, 601-604 
nitriles, 586 

phosphaalkynes, 587-592 

Triquinane sesquiterpenes, nitrile oxide 

intramolecular cycloadditions, “aldol” 
ring cleavage, isoxazoline intermediates, 
443^45 

Tropolone formation and reactivity, carbonyl 
ylides, 296-298 

Tropone compounds 

isomiinchnone cycloadditions, 726-735 
thiomiinchnone cycloaddition reactions, 

738 

Tungsten complexes 

nitrile ylide synthons, 484-485 
thiocarbonyl ylides, thiirane three-membered 
rings, 330-331 

Twofold extrusion technique, thiocarbonyl ylide 
structures 

cycloreversion reactions, 320 
three-membered thiirane rings, 329-331 

Two-phase methodology, thiocarbonyl ylides, 
carbene/carbenoid addition, 323-324 



Tylophorine compounds, azide 1,3-dipolar 
cycloadditions, natural synthesis, 
659-664 

Ugi condensation, mesoionic ring systems, 
miinchnone synthesis, 685-687 
Unsaturated esters 

a,p-unsaturated esters, diastereoselective 
reactions, 851-853 
azomethine ylide generation, chiral 

dipolarophiles, asymmetric reaction, 
193-200 

Ureas 

carbonyl ylide derivation, 276-278 
mesoionic ring systems, isomiinchnones, 
cycloadditions, 730-735 
nitrile oxide generation, nitroalkene 
dehydration, 368-370 

Vinyl acetals, asymmetric reactions, 1,3-dipolar 
cycloadditions, 839-840 
Vinyl aminals, asymmetric reactions, 1,3-dipolar 
cycloadditions, 839-840 
Vinylphosphine oxides, asymmetric 

diastereoselectivity, nitrone/nitronate 
chiral dipoles, 823-829 
Vinyl phosphine oxides, asymmetric reactions, 
1,3-dipolar cycloadditions, 840-842 
Vinyl sulfoxides, asymmetric reactions, 1,3- 
dipolar cycloadditions, 840-842 
Vitamin D, nitrile oxide intramolecular 

cycloadditions, “aldol” ring cleavage, 
isoxazoline intermediates, 446^52 

Well-coordinating cations, nitrile oxide 

cycloadditions, diastereoselectivity, 386 
WIN inhibitor, azide 1,3-dipolar cycloadditions, 
alkyne/nitrile synthesis, 672-676 

X-ray crystallography 
alkyl nitronates, 96-98 
silyl nitronates, 87-88 
facial selectivity, 122-123 
Xylene, nitrile ylide structure, 474 

Ylide compounds 

azide 1,3-dipolar cycloadditions, phosphorus 
ylides, heterocyclic synthesis, 645-646 
azomethine ylides 

asymmetric reactions, 193-218 
chiral dipolarophiles, 193-200 
chiral ylides 

asymmetric template and auxiliary 
derivations, 208-218 




940 



Index 



Ylide compounds (Continued) 

inherent molecular stereocontrol, 
200-208 

development, 169-170 

1,3-dipolar cycloadditions, external reagents, 
757-778 

anti- selective Michael additions, 768-771 
asymmetric cycloadditions, 772-774 
2-azaallyl anions, 759 
enantiopure camphor imines, asymmetric 
Michael additions, 774-778 
enantioselective additions, 778 
metal A^-alkylideneglycinates, 758-759 
A^-metalated reactions, 759-778 

a-(alkylideneamino)ester reversibility, 
763-768 

(A^-alkylideneamine)acetonitrile 
irreversibility, 761-763 
generation, 170-192 

alternative procedures, 181-192 
silicon-based protocols, 170-181 
intramolecular cycloadditions, 219-239 
alternative generation procedures, 

237-239 

aziridine precursors, 219-227 
decarboxylative and amino ester 
condensation protocols, 228-237 
metal-mediated reaction, 240-248 
carbonyl ylides 

1,3-dipolar cycloadditions, 804-806 
aldehyde derivation, 273-274 
amide/urea derivatives, 276-278 
cycloaddition reactions 
alkaloid systems, 284-292 
directed syntheses, 278-284 
enantioselective syntheses, 298-302 
illudins, ptwerosins, and ptaquilosides, 
292-294 

oxidopyrylium ion cycloadditions, 
302-305 

tropolone and benzotropolone formation 
and reactivity, 296-298 
zaragozic acids, 294-296 
epoxide generation, 263-269 
ester derivation, 274-276 
ketone derivation, 269-273 
metallocarbenoid generation, 269 
metallocarbenoid synthesis, 306-309 
nonmetallocarbenoid precursors, synthesis 
using, 306-309 

nonstable carbene generation, 259-262 
oxadiazoline generation, 262-263 



reactivity properties, 254-255 
structural studies, 255-259 
nitrile ylides 

[2 + 3]-cycloaddition reactions, 496-502 

1,3-dipolar cycloadditions, 806-809 
electrocyclization reactions, 517-525 
alkene-conjugated ylides, 518-520 
diene-conjugated ylides, 520-524 
triene-conjugated ylides, 524-525 
generation mechanisms, 478^92 
azirine photolysis, 488—490 
carbene reactions, 485^88 
imidoyl chloride dehydrochlorination, 
490^91 

synthon generation, 479—485 
nucleophile reactions, 526-527 
physical and spectroscopic properties, 
474^75 

thiocarbonyl ylides 
chemical behavior 

intermolecular reactions, 326-329 

1.3- addition reactions, 327-328 
[3 + 2] cycloadditions, 326-327 
dimerization reactions, 328-329 

intramolecular reactions, 324-326 
electrocyclizations, 324—325 

1.4- hydrogen shift, 325-326 
skeleton rearrangements, 326 

generation, 319-324 
carbene/carbenoid additions, 322-324 
cycloreversion reactions, 319-320 

1,3-elimination reactions, 320-321 
thioether photochemical rearrangement, 
324 

thioxonium salts, deprotonation, 321-322 
heterocyclic synthesis 

three-membered thiirane rings, 329-331 
six-membered rings, 35 1 
seven-membered rings, 351-355 
five-membered rings 

1,3-dithiolanes, 1,3-oxathioanes, and 

1,3-thiazole derivatives, 339-343 

1.5- dipolar electrocyclization, 

345-350 

heteroatoms, 344-345 
thiophene derivatives, 331-339 
structural properties, 316-318 
Ytterbium complexes, catalytic asymmetric 
nitrone reactions, 880-882 

Zaragozic acids, carbonyl ylide preparation, 
294-296 




